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ABSTRACT
In t h i s  work, th e  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  o f  
speech and some n o ise  c a n c e l l a t i o n  te ch n iq u e s  c l o s e l y  r e l a t e d  t o  
l i n e a r  p r e d i c t i o n  have been i n v e s t i g a t e d .
In th e  i n v e s t i g a t i o n ,  h igh q u a l i t y  speech ( f  = 10 kHz) was 
ana lysed  t o  e x t r a c t  f o u r  c o n t r o l  parameters  and some w e l l -know n  
r e s u l t s  f o r  sp e e c h -s y n th e s is  w i t h  d i f f e r e n t  number o f  p o les  (p = 2 
t o  1 2 ) have been v e r i f i e d .
C o n s id e r in g  th e  above v e r i f i c a t i o n  as t h e  s t a r t i n g  p o i n t ,  two 
new te c h n iq u e s  in l i n e a r  p r e d i c t i o n  o f  speech, ’ ODD SAMPLE LINEAR 
PREDICTION' and 'EVEN SAMPLE LINEAR PREDICTION' have been proposed.
'ODD SAMPLE LINEAR PREDICTION' w i t h  p = 8 and c o n se q u e n t ly  less 
c o m p u ta t io n ,  i s  capab le  o f  p roduc ing  r e s u l t s  as good as th e  c l a s s i c a l  
l i n e a r  p r e d i c t i o n  w i t h  p = 12; whereas th e  speech s y n th e s iz e d  by 'EVEN 
SAMPLE LINEAR PREDICTION' a l t h o u g h  i n t e l l i g i b l e  enough, i s  no t  as good 
as t h e  c l a s s i c a l  l i n e a r  p r e d i c t i o n  due t o  n a tu re  o f  t h e  proposed model .
Two e x i s t i n g  no ise  c a n c e l l a t i o n  te c h n iq u e s  -  A d a p t iv e  no ise  
c a n c e l l a t i o n  and Wiener n o ise  c a n c e l l a t i o n  have been i n v e s t i g a t e d .  Some 
m o d i f i c a t i o n s  have been suggested t o  improve th e  perfo rmance o f  these  
techn  i q u e s .
Two new n o ise  c a n c e l l a t i o n  te ch n iq u e s  -  'LINEAR PREDICTION NOISE 
CANCELLATION' and 'DELAYED LINEAR PREDICTION NOISE CANCELLATION' have 
a ls o  been proposed. D .L .P .N .C .  te c h n iq u e  ranks between Wiener n o ise  
c a n c e l l a t i o n  and A d a p t iv e  n o is e  c a n c e l l a t i o n  in i t s  n o ise  c a n c e l l a t i o n  
c a p a b i l i t i e s  whereas L .P .N .C .  te c h n iq u e  is  less  e f f i c i e n t  s in ce  no
( i )
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e r r o r  m in im iz a t io n  c r i t e r i o n  was e x e rc is e d  in i t s  d e r i v a t i o n .
Fi naI Iy th e  we I I-known r e s u I t s  in I i  near  pred i c t i o n  ana l y s i s /  
s y n th e s is  o f  th e  n o isy  and n o is e - c a n c e l l e d  speech have been v e r i f i e d .
A t o p i c  f o r  f u t u r e  research  has been suggested i n c l u d in g  p r e l i m in a r y  
i n v e s t i g a t i o n  o f  a proposed te ch n iq u e  which a t te m p ts  th e  s y n th e s is  o f  
th e  c lea n  speech s t r a i g h t  from th e  n o is y  speech by -p ass in g  th e  in te rm e d ia te  
s tep  o f  n o ise  c a n c e l l a t i o n .
( i a )
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The purpose o f  speech i s  communicat ion o f  ideas e x p r e s s i b l e  in 
some language.
In th e  s i g n a l s  and systems t h e o r y ,  speech is  re p re se n te d  as an 
a c o u s t i c  p re s s u re  waveform, i . e . ,  as a s ig n a l  c a r r y i n g  th e  i n f o r m a t io n  
o r  message.
The r e p r e s e n t a t i o n  o f  speech s ig n a l  based on th e  a c o u s t i c  waveform 
o r  some p a r a m e t r i c  model based on th e  waveform has been found t o  be 
most u s e fu l  in. p r a c t i c a l  a p p l i c a t i o n s  and h e l p f u l  in  u n d e rs ta n d in g  th e  
complex s t r u c t u r e  o f  t h e  waveform i t s e l f .
1.2 SPEECH PHYSIOLOGY
The a c o u s t i c  speech waveform i s  an a c o u s t i c  p re s s u re  wave which 
o r i g i n a t e s  from v o l u n t a r y  p h y s i o l o g i c a l  movements o f  t h e  m a jo r  p a r t s  
o f  ana tom ica l  s t r u c t u r e  i n v o l v e d  in  speech g e n e r a t i o n  shown in F ig .  I . I  
A schem at ic  d iagram o f  human speech p r o d u c t i o n  mechanism a f t e r  Flanagan 
Cl OH i s  shown in F ig .  1 .2 .
Speech i s  produced by th e  a c t i o n s  o f  nose, mouth, t h r o a t ,  e t c .  
upon th e  b re a th  system. In normal speech p r o d u c t i o n ,  th e  c h e s t  
c a v i t y  expands and c o n t r a c t s  and f o r c e s  t h e  a i r  f rom  th e  lungs o u t  
th ro u g h  t ra c h e a  p a s t  t h e  g l o t t i s  ( th e  open ing  between th e  vocal  f o l d s
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4i s  c a l l e d  g l o t t i s ) .  Depending upon th e  p o s i t i o n  o f  th e  t r a p  door  ve lum,
th e  a i r  s tream i s  e x p e l l e d  e i t h e r  th ro u g h  th e  mouth c a v i t y  o r  th rough
th e  nasal c a v i t y  o r  both  and p e rc e iv e d  as speech.
The vocal t r a c t  i s  a n o n -u n i fo rm  a c o u s t i c  tube  which ex tends  from
th e  g l o t t i s  t o  th e  l i p s  and i s  abou t  17 cm long f o r  an average a d u l t
male . Vocal t r a c t  v a r i e s  in shape and s i z e  as a f u n c t i o n  o f  t im e .
This t ime-varying change is caused by the continuously changing posit ions
o f  t h e  v a r io u s  a r t i c u l a t o r s  ( t h e  m a jo r  ana to m ica l  components p a r t i c i p a t i n g
in speech p r o d u c t i o n ,  e . g . ,  l i p s ,  tongue ,  ja w ,  velum are  c a l l e d  a r t i c u l a t o r s ) .
As an example, t h e  c r o s s - s e c t i o n a l  area o f  vocal t r a c t  v a r i e s  from 0 t o  
2
2 0  cm. depending upon w he the r  t h e  l i p s  a re  c lo s e d  o r  mouth and jaws are  
w ide open.
1.3 SPEECH SOUNDS [ 1 0 , 8 ]
The speech s i g n a l s  a re  c o n s t i t u t e d  o f  a sequence o f  sounds and a 
s e t  o f  th e se  d i s t i n c t i v e  sounds in a language is  c a l l e d  phonemes. These 
sounds and th e  t r a n s i t i o n s  between these  sounds fo rm th e  sym b o l ic  
r e p r e s e n t a t i o n  o f  the  i n f o r m a t i o n .
The s tudy  o f  th e  r u l e s  o f  th e  language, which govern th e  arrangement  
o f  t h e  sounds o r  symbols I s  t h e  domain o f  l i n g u i s t i c s  whereas t h e  s tudy  
and t h e  c l a s s i f i c a t i o n  o f  t h e  speech sounds is  known as P h o n e t ic s .
In American E n g l i s h ,  t h e r e  are 42 phonemes c l a s s i f i e d  in vowe ls ,  
d ip h th o n g s ,  semivowels o r  consonan ts .  These f o u r  main c la s s e s  are  
f u r t h e r  broken down t o  s u b -c la s s e s  depending upon t h e  manner and p la ce
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5o f  a r t i c u l a t i o n  o f  th e  sounds w i t h i n  th e  voca l  t r a c t .
There are t h r e e  p r im a r y  modes f o r  e x c i t i n g  th e  vocal  t r a c t  system 
[ 1 , 8 , 9 , 1 0 , 1 2 ]  and a c c o r d i n g l y  speech sounds can be c l a s s i f i e d  i n t o  
t h r e e  d i s t i n c t  c l a s s e s :
i )  Vo iced sounds 
i i )  F r i c a t i v e s  o r  unvo iced sounds 
i i I ) P l o s i v e  sounds
For vo ice d  sounds, t h e  source  o f  e x c i t a t i o n  i s  a t  th e  g l o t t i s  and 
th e  sounds a re  genera ted  by b road-band q u a s i - p e r i o d i c  p u f f s  o f  a i r  
produced by t h e  v i b r a t i n g  vocal  c o rd s .  T y p ic a l  examples are  vo ice d
consonants  (B ,D ,G ) ,  nasal consonants  (M,N,NG), vowels  ( I Y , I , E,AE,A,ER,UH,
0W,00 ,U ,0 )  and semivowels  (W ,L ,R ,Y ) .
For unvo iced  sounds, th e  source i s . ; a t  some p o i n t  o f  c o n s t r i c t i o n
in th e  voca l  t r a c t ,  anywhere from g l o t t i s  t o  t h e  l i p s .  The voca l  co rds  
a re  spread a p a r t  (no v o i c i n g )  and t h e  sounds a re  produced by t u r b u l e n t  
q u as i - random  a i r f l o w .  T y p ic a l  examples o f  unvo iced  o r  f r i c a t i v e ' s o u n d s  
are  non-nasa l  consonants  (S ,F ,S H ,TH E ) .
For p l o s i v e  so u n d s , th e  source Is  a t  th e  p o i n t  o f  c l o s u r e ,  and th e  
sounds are  produced by sudden ly  r e l e a s i n g  th e  a i r  p re ssu re  b u i l t  up beh ind  
t h e  t o t a l  c o n s t r i c t i o n .  Examples a re  unvo iced  s top  consonants  ( P , T , K ) .
1.4 SPEECH PRODUCTION MODELS
Many models have been proposed t o  d e s c r ib e  th e  c o m p l ic a te d  process  
o f  speech p r o d u c t i o n .  None o f  these  models ,  a lo n e ,  can accoun t  f o r  a l l
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desirable  to  postulate such a model due to i t s  inev i tab le  complex 
structure D 2 , I 8 , I 9 3 .
However, f o r  conven ience ,  i t  i s  d e s i re d  t o  have models t h a t  a re  
l i n e a r  as w e l l  as t i m e - i n v a r i a n t .  But speech p r o d u c t i o n  mechanism i s  
n e i t h e r  l i n e a r  n o r  t i m e - i n v a r i a n t .  On th e  c o n t r a r y  speech i s  a c o n t i n u o u s l y  
b u t  s l o w l y  t i m e - v a r y i n g ,  n o n - s t a t i o n a r y ,  q u a s i - p e r i o d i c  waveform. A ls o ,  th e  
g l o t t i s  b e in g  n o t  uncoupled from th e  voca l  t r a c t  r e s u l t s  in n o n - l i n e a r  
c h a r a c t e r i  s t i e s  C F Ia n a ga n -10 ; 1 2 3 .
Hence a l l  speech models make two b a s ic  assum pt ions  re d u c in g  some 
c o m p le x i t y  a t  th e  c o s t  o f  some a ccu racy :
i )  The voca l  t r a c t  system and t h e  source  o f  e x c i t a t i o n  a re
independent  such t h a t  t h e  voca l  t r a c t  system can be e x c i t e d  
by any o f  th e  poss ib  Ie sources  o f  e x c i t a t i o n .  T h is  assumpt ion 
becomes i n v a l i d  in  t h e  case o f  t r a n s i e n t  sounds l i k e  ' p '  in 
' p o t ' ,  v o ic e d  f r i c a t i v e s  (V ,T H ,Z ,Z H ) ,  n a sa ls  (M,N,NG) and 
w h isp e r  (H ) ;  b u t  t h e  v a l i d i t y  o f  t h i s  assumpt ion  i s  q u i t e  good
f o r  t h e  m a j o r i t y  o f  t h e  cases o f  i n t e r e s t ,
i i )  The c h a r a c t e r i s t i c s  o f  speech are  t i m e - i n v a r i a n t  o v e r  s h o r t  
segments o f  t im e  ( a p p r o x im a t e ly  15 t o  25 m i l l i s e c o n d s )  such 
t h a t  t o  r e p re s e n t  t h e  s l o w ly  t i m e - v a r y i n g  c h a r a c t e r i s t i c s  o f  
speech ( i . e . ,  t o  i n d i c a t e  a new vocal  t r a c t  c o n f i g u r a t i o n )  t h e  
c o n t r o l  pa ramete rs  o f  t h e  model r e q u i r e  t o  be updated o n ly  
d u r in g  th e  new speech-segment .
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8Based on these  two main assu m pt io n s ,  t h e  f o l l o w i n g  n o te w o r th y  
speech models have been a t te m p te d :
1.4.1 LINEAR SPEECH PRODUCTION MODEL UFANT]
T h is  model ( F i g .  1 .3 )  was developed by Fant D 0 , I 2 U  in t h e  l a t e  
5 0 ' s ( I 9 6 0 ) .  Fant covered  th e  assumpt ions  in  d e t a i l  l a t e r  on e la b o r a te d  
by Flanagan D 0 >8 j ] ,  who p re sen te d  th e  r e s u l t s  o f  some c a r e f u l l y  conducted 
e xp e r im e n ts  on a c o u s t i c  r a d i a t i o n  (1972) s u p p o r t i n g  F a n t ' s  j u s t i f i c a t i o n  
as w e l l  as th e  mathemat ica l  d e r i v a t i o n  o f  t h i s  model.
In t h i s  model voca l  t r a c t  system i s  s im u la te d  as t h r e e  d i f f e r e n t  
low pass f i l t e r s  one each f o r  g l o t t a l  model ,  voca l  t r a c t  model and l i p  
r a d i a t i o n  model.  The i n p u t  e ( t )  i s  an Impulse t r a i n  f o r  vo ice d  sounds 
and f l a t  spectrum random n o is e  f o r  unvo iced  sounds. The impulses 
s i m u l a t i n g  t h e ‘ i n r t  r a t i o n  o f  p u f f s  o f  a i r  f o r  v o ic e d  sounds are  spaced 
P samples a p a r t  where P i s  t h e  p i t c h  p e r io d  ( t h e  r a t e  o f  o s c i l l a t i o n  o f  
voca l  co rd s  i s  c a l l e d  th e  p i t c h  f r e q u e n cy  o r  fundamenta l f req u en cy  Fq
f o r  t h e  p a r t i c u l a r  speech segment and i t s  r e c ip r o c a l  I / F q i s  known as th e
p i t c h  p e r io d  P ) .  The random n o ise  s im u la te s  t h e  p re ssu re  b u i l d u p  waveform 
and t h e  quas i - random  tu r b u le n c e  f o r  unvo iced sounds.
The l i n e a r  speech p ro d u c t i o n  model can be d e s c r ib e d  in Z - t r a n s fo r m  
te r m in o lo g y  as:
S(Z) = E(Z) . G(Z) . V(Z) . L (Z)  ........( I . I )
where: S(Z)-<-1> s ( k T ) = s ( t )  _ ^y ( 1 2 )
E(Z) «-*. e ( t ) . _.........................................................................................( 1 .3 )t  = kT
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1 .4 .2  DIGITAL MODEL OF SPEECH PRODUCTION CSCHAFER]
Scha fe r  C l , 8 , 9 ]  p resen ted  t h e  ideas o f  sec. 1.4.1 in d i g i t a l  form 
( F i g .  | . 4 )  and p ro ba b ly  in a l i t t l e  more s o p h i s t i c a t e d  manner than Fant 
& Flanagan. The d i g i t a l  model o f  speech p r o d u c t i o n ' suggests  t h a t  voca l 
t r a c t  system can be re p resen ted  in a s i n g l e  t i m e - v a r y i n g  d i g i t a l  f i l t e r  
e x c i t e d  e i t h e r  by an impulse t r a i n  g e n e ra to r  ( f o r  vo ice d  sounds) o r  by 
a random number g e n e ra to r .  A ga in  parameter  between th e  e x c i t a t i o n  
sources and the  e x c i t e d  - system ( d i g i t a l  f i l t e r )  a l l o w s  some f l e x i b i l i t y  
in t h e  o u t p u t  a c o u s t i c  leve l  and the  d i g i t a l  o u tp u t  co r responds  t o  the  
sampled speech waveform.
1 .4 .3  LINEAR PREDICTION MODEL OF SPEECH PRODUCTION [ATAL & HANAUERD 
The l i n e a r  speech p ro d u c t io n  model,  th e  d i g i t a l  model o f  speech
p ro d u c t io n  and t h e  c o n c lu s io n s  t h a t :
i )  t r a n s f e r  f u n c t i o n  o f  th e  vocal t r a c t  has no zeros f o r  non­
nasal  speech sounds CFant -  I0D and the  vocal t r a c t  can be 
adeq u a te ly  rep re se n te d  by an a l l - p o l e  f i l t e r  f o r  these  sounds;
i i )  ze ros  re q u i re d  by th e  vocal t r a c t  t r a n s f e r  f u n c t i o n  f o r  nasa ls  
and unvoiced sounds C I 3D l i e  w i t h i n  the  u n i t  c i r c l e  in Z -p lan e  
C13 » I OH and t h e r e f o r e  each f a c t o r  r e p re s e n t in g  zeros in the  
numerato r  o f  th e  t r a n s f e r  f u n c t i o n  can be approx imated by 
m u l t i p l e  po les  ini  the  denom inator ;  lead A ta l  and Hanauer Cl 3D 
t o  l i n e a r  p r e d i c t i o n  model o f  speech p ro d u c t io n  ( F ig .  1 .5 ) .  
T h is  model has the  f o l l o w i n g  d i s t i n c t  f e a tu r e s :
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(a)  The f o u r  c o n t r o l  parameters  o f ' the  model i . e . ,  l i n e a r  
p r e d i c t i o n  c o e f f i c i e n t s ,  p o s i t i o n  o f  t h e  v o ic e d /u n v o ic e d  (V/UV) s w i t c h ,  
p i t c h  p e r io d  o f  th e  vo ice d  frame and ga in  ( r . m . s .  v a lu e  o f  th e  speech 
samples) g iv e  th e  comple te  r e p r e s e n t a t i o n  o f  t h e  speech waveform f o r  a 
p a r t i c u l a r  frame (speech segment d u r in g  which th e  vocal  t r a c t  c o n f i g u r a t i o n  
is  assumed t o  be t i m e - i n v a r i a n t  is  g e n e r a l l y  c a l l e d  ' f r a m e ' ) .
(b) The e f f e c t s  o f  th e  g l o t t a l  f l o w ,  th e  voca l  t r a c t  and th e  l i p  
r a d i a t i o n  are combined in a s i n g l e  a l l - p o l e  r e c u r s i v e  f i l t e r .  I f  number 
o f  p o le s  Cp) is  h igh  enough, t h i s  s i m p l i f i e d  a l l  p o le  model g i v e s  a 
good r e p r e s e n t a t i o n  o f  a lm o s t  a l l  speech sounds w i t h  th e  a d d i t i o n a l  
advantage t h a t  a l l  the  c o n t r o l  pa ramete rs  o f  th e  model can be e va lu a te d  
a c c u r a t e l y  and d i r e c t l y  f rom th e  speech wave in a ve ry  s t r a i g h t f o r w a r d  
and c o m p u t a t i o n a l l y  e f f i c i e n t  manner.
(c )  The a l l - p o l e  model in  th e  f requency-domain  means t h a t  in th e  
t im e -do m a in ,  th e  c u r r e n t  speech sample i s  approx im ated  as a l i n e a r  
c o m b in a t io n  o f  th e  p a s t  speech samples (and hence th e  name ' l i n e a r  
p r e d i c t i o n ' ) ,  u s ing  l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s  as the  w e ig h t in g  
c o e f f i c i e n t s .
(d )  Speech can be encoded in te rms o f  t h e  f o u r  c o n t r o l  parameters  
and can be syn th e s iz e d  from th e  c o n t r o l  pa rameters  in th e  same manner by
a l i n e a r  p r e d i c t i o n  s y n th e s is  model ( L .P .  S y n th e s iz e r  -  F ig .  2 .2 )  proposed 
by th e  same a u th o rs  A ta l  & Hanauer CI 3D.
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I .5 PROBLEM STATEMENT
In g e n e ra l ,  th e  re ce ive d  speech waveform is  a lm os t  always c o r ru p te d  
by some form o f  n o ise  components. Depending on th e  amount o r  t y p e  o f  
n o is e ,  th e  q u a l i t y  o f  speech can be s l i g h t l y  degraded,  o r  i t  can become 
u n p le a san t  and annoying t o  be l i s t e n e d  t o  o r  i t  can even become t o t a l l y  
u n i n t e l I  i g i b l e  £ 3 7 ,3 6 ,3 5 ] .
T h e j q u a l i t y  o f  l i n e a r  p r e d i c t i o n  coded speech (LPC speech) i s  h i g h l y  
degraded when per fo rmed on speech s ig n a l  c o r ru p te d  by n o ise  £ 3 7 ,3 6 ,4 0 ,4 4 ,  
4 5 ] ,  Due t o  t h e  in c r e a s in g  p o p u l a r i t y  o f  l i n e a r  p r e d i c t i o n  a n a l y s i s /  
s y n th e s is  v o ic e  cod ing  systems, i t  is  d e s i r a b le  t o  develop te ch n iq u e s  t h a t  
can reduce th e  unwanted e f f e c t s  o f  n o ise  th e re b y  enhancing th e  q u a l i t y  o f  
LPC speech.
Based on the  problem s ta te d  above, th e  o b j e c t i v e s  o f  t h i s  work a re  
as f o I  Iows:
( i )  To pe r fo rm  l i n e a r  p r e d i c t i o n  a n a l y s i s  and s y n th e s is  o f  n o is e -  
f r e e  speech,
C i i )  To f o rm u la te  some new speech a n a l y s i s / s y n t h e s i s  schemes c l o s e l y  
r e l a t e d  t o  c l a s s i c a l  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  
f o r m u I a t i  o n ,
( i i i )  To pe r fo rm  l i n e a r  p r e d i c t i o n  a n a l y s i s  and s y n th e s is  o f  n o isy
speech a f t e r  add ing  computer s im u la te d  no ise  o r  n o ise  generated 
by n o is e  g e n e r a to r  t o  th e  n o i s e f r e e  speech,
Civ) To examine some o f  t h e  e x i s t i n g  t ime-domain  no ise  c a n c e l l a t i o n  
te ch n iq u e s  t h a t  make use o f  t h e  l i n e a r  p r e d i c t i o n  fo r m u la t i o n
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in one sense o r  the  o t h e r ,
CvO To fo r m u la t e  some new no ise  canceI I a t  i o n ' fe ch n iq u e s  c l o s e l y  
r e l a t e d  t o  th e  l i n e a r  p r e d i c t i o n  a n a l y s i s ,
( v i )  To p e r fo rm  l i n e a r  p r e d i c t i o n  a n a l y s i s  and s y n th e s is  o f  n o i s e -  
c leaned speech and compare i t  w i t h  th e  r e s u l t s  o f  ( i )  and ( i i i )  
above t o  examine the  e f f e c t i v e n e s s  o f  t h e  n o ise  c a n c e l l a t i o n  
te ch n iq u e s  by in fo rm a l  p e rce p tu a l  l i s t e n i n g  t e s t s .
1 -6  THESIS ORGANIZATION
.The i n t r o d u c t i o n  covers  a b r i e f  d e s c r i p t i o n  o f  th e  speech s i g n a l ,  
speech p h y s io l o g y ,  speech sounds and speech p ro d u c t i o n  models w i t h  
sp e c ia l  emphasis on the  l i n e a r  p r e d i c t i o n  model o f  speech p r o d u c t io n  
2 nd m a jo r  assumpt ions behind th e  speech p ro d u c t io n  models.
Chap te r  I I  d e s c r ib e s  th e  f o u r  c o n t r o l  parameters  o f  the  l i n e a r  
P r e d i c t i o n  model,  d is cu sse s  t h e  v a r io u s  methods t o  de te rm ine  th e  c o n t r o l  
parameters  and a n a l y s i s / s y n t h e s i s  c o n s id e r a t i o n s  f o r  th e  ch o ice  o f  these  
methods th e re b y  c o v e r in g  th e  main t h e o r y  behind l i n e a r  p r e d i c t i o n  a n a l y s i s  
and s y n th e s is  o f  speech.
In Chap te r  I I I ,  two new te c h n iq u e s ;  name Iy. Odd.samp Ie. I i n e a r  
P r e d i c t i o n  and Even, sample l i n e a r  p r e d i c t i o n  f o r  ana.I ys i s / s y n th e s  i s o f  
speech have been d e r iv e d  and compared w i t h  the  c l a s s i c a l  l i n e a r  
P r e d i c t i o n  d iscussed  in Chap te r  I I .
Chap te r  IV d e s c r ib e s  t h e  per fo rmance o f  t h r e e  e x i s t i n g  no ise  
c a n c e l l a t i o n  te ch n iq u e s  in speech, namely A d a p t ive  no ise  c a n c e l l a t i o n
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Wiener n o ise  cance l  I a t  ion and Average n o ise  c a n c e l l a t i o n .
Two new no ise  c a n c e l l a t i o n  t e c h n iq u e s ,  namely L in e a r  p r e d i c t i o n  
no ise  c a n c e l l a t i o n  and Delayed l i n e a r  p r e d i c t i o n  no ise  
c a n c e l l a t i o n  have a l s o  been d e r iv e d  t h e r e i n .
C hap te r  V d e s c r ib e s  the  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  o f  
+he n o is y  and n o is e - c a n c e l l e d  speech. A t o p i c  f o r  f u t u r e  research  has 
been suggested and some p r e l i m i n a r y  i n v e s t i g a t i o n  o f  t h e  proposed 
techn ique  has a l s o  been inc lu d ed  in t h i s  Chap te r .
C hap te r  VI summarizes t h e  main c o n t r i b u t i o n s  and c o n c lu s io n s  
° f  t h i s  work.
Appendix  A covers  a b r i e f  d e s c r i p t i o n  and th e  f l o w - c h a r t  o f  th e  
Lev inson-Robinson re c u rs i v e  a lg o r i t h m  -  an e f f i c i e n t  te ch n iq u e  o f  s o l v i n g  
a s e t  o f  s im u l ta n e o us  e q u a t io n s  i n v o l v i n g  th e  T o e p l i t z  m a t r i x .
Appendix  B i n c lu d e s  some u se fu l  comments on speech and the  
s i m p l i f i e d  a l l - p o l e  model.
Appendix C Inc ludes  some u se fu l  comments on n o ise  c a n c e l l a t i o n .
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CHAPTER It 
LINEAR PREDICTION ANALYSIS 
AND SYNTHESIS OF SPEECH
2.1 INTRODUCTION
In a l inear  p red ic t ion  model of speech production (a lso refe rred to  only 
as ’ l inea r  p red ic t ion  model ' ) ,  an a l l - p o le  d ig i t a l  f i l t e r  with the
■following t ra n s fe r  funct ion is u t i l i z e d  to  represent the character i  s t ie s
of the speech signal sn fo r  short-segments under considerat ion:
H<Z) '  M r = — r 2— :   <2- n
i + 1 a z-J 
j = i  J
where G is the gain fa c to r ;  a . ' s  are the l inea r  p red ic t ion  c o e f f i c ie n ts
J
^aQ-is normalized to  un i ty )  and p is the number o f LP c o e f f i c ie n ts .
Linear p red ic t ion  ana lys is  is to  determine the four  control  para­
meters o f  the l inea r  p red ic t ion  model (Fig. 1.5) d i r e c t l y  from the speech 
waveform whereas l in e a r  p red ic t ion  synthesis is to  synthesize the same 
speech waveform by u t i l i z i n g  these contro l  parameters as an input to  the 
l inear  p red ic t ion  synthesis model o r  l inear  p red ic t ion  synthesizer
(p ig. 2 .2 ) .
I t  can, once again, be stressed th a t  the speech waveform is 
s u f f i c i e n t l y  complex so th a t  we cannot expect i t  to  match exact ly  even a 
pole-zero model, le t  alone the s imp I- i f  ied a II -pol e model as th a t  o f  Eq.
(2.1) and i t  is only  a good compromise th a t  the s im p l i c i t y  o f the a l l - p o le
16
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model can pe rse rve  many o f  the  im p o r ta n t  c h a r a c t e r i s t i c s  o f  t h e  
speech s ig n a l  a t  th e  c o s t  o f  some accuracy  £ 2 ,8 ,9 ,1 0 ,1 4 ,1 8 ,1 9 1 ] .
2 .2  LINEAR PREDICTION ANALYSIS
L in e a r  p r e d i c t i o n  a n a l y s i s  i s  t o  e v a lu a te  the  f o l l o w i n g  f o u r  
c o n t r o l  parameters  o f  th e  l i n e a r  p r e d i c t i o n  model.
( i ) J — l > 2 , 3 , , . , p
•J
( i i ) Ga i n f a c t o r  G 
( i i i )  V o ice d /u n vo ice d  (V/UV) d e c is io n
( i v )  P i t c h  p e r io d  (P) f o r  vo iced  speech.
Now we w i l l  see how these  parameters  can be de termined d i r e c t l y  from 
th e  speech samples.
2 .5  LINEAR PREDICTION COEFFICIENTS
The a l l - p o l e  model o f  Eq.. ( 2 . 1 )  can be c h a r a c t e r i z e d  by a d i f f e r e n c e  
e q ua t io n  o f  the fo rm:
( 2 . 2 )
The e x c i t a t i o n  f u n c t i o n  un i s  zero  e xce p t  f o r  one sample a t  the  
be g in n in g  o f  e ve ry  p i t c h  p e r io d  f o r  vo ice d  sounds. Thus
n > 0 ( 2 .3 )
Thus f o r  n > 0 , th e  speech sample sn i s  a l i n e a r  com b ina t ion  o f  
( i . e . ,  l i n e a r l y  p r e d i c t a b l e  from) the  p re v io u s  p samples. I f  th e  data
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t o  be modeled co r responds  e x a c t l y  t o  th e  model CEq. 2 . 1 ) ,  Equat ion
2 .3  w i l l  be s a t i s f i e d  e x a c t l y .  S ince  th e  model Is n o t  p e r f e c t  in 
t h i s  sense, th e  l i n e a r l y  p r e d i c t e d  sample w i l l  o n l y  be a c lo s e  
a p p ro x im a t io n  t o  s^ .  L e t  us denote t h i s  p r e d i c t e d  sample as §n so t h a t :
§ = -  > a .s n > 0  ( 2 .4 )
j f ,  J n-J
L e t  us d e f i n e  an e r r o r  e ( a l s o  r e f e r r e d  as r e s i d u a l )  between th e  a c tu a ln
v a lu e  o f  speech sample s n , and th e  v a lu e  p r e d i c t e d  by Eq. ( 2 . 4 ) :
e = s -  § n n n
= s + > a .s . = ) a .s n > 0 ..........( 2 .5 )
n j = |  J n"J  j= 0  J n ' J
The a . ’ s a re  chosen so as t o  m in im ize  th e  t o t a l  squared e r r o r  ( o f  th e
J
frame under c o n s id e r a t i o n )  g ive n  by
E = Y e2  (2 .6 a )^ n n
= I  (s + •) a . s  . ) 2  ( 2 .6 b )
n n j  = l J
To s o lve  f o r  a s e t  o f  LP c o e f f i c i e n t s  a . ’ s ,  Eq. ( 2 .6 )  i s  d i f f e r e n t i a t e d
J
w . r . t .  a, Is  and s e t t i n g  th e  r e s u l t  equal t o  ze ro :  
k
~ -  = 0; I < k < p  ( 2 .7 )
k "  "
leads t o  the  f o l l o w i n g  s e t  o f  l i n e a r  e q u a t io n s :
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P
I  a.  y s . s . = -  y s s I < k < p  (2 . 8)• i J n - J n-k L n n-k — — Ki = I « n u n
The minimum t o t a l  squared e r r o r  is  g iven  by Eq. (2 .6 )  and Eq. ( 2 .8 )
as :
e = y s +  y a .  y s s .  ( 2 . 9 )m u n . , J n n - jn j =  n J
We have d e r iv e d  Eqs. ( 2 .8  & 2 .9 )  c o n s id e r in g  o n l y  the  vo ice d
sounds (Eq. 2 .3 )  where th e  e x c i t a t i o n  f u n c t i o n  i s  an impulse a t  th e
b e g in n in g  o f  th e  p i t c h  p e r i o d .  Same r e s u l t s  can be ach ieved  f o r
unvo iced  sounds where th e  e x c i t a t i o n  f u n c t i o n  v i s  s t a t i o n a r y  w h i ten
n o ise  (a sequence o f  u n i t y  v a r i a n c e ,  ze ro  mean random numbers from th e  
random number g e n e r a t o r ) .
Fo r  unvo iced  sounds:
s = - / a . s . +  v'  ( 2 .1 0 )
n j = |  J n“ J n
Le t  th e  p r e d i c t e d  sample be:
§ = - ) a . s . t v   ( 2 .1 1 )
n j = l  J n-J
S ince  th e  s f o r  unvoiced sounds is a sample o f  a random p ro cess ,  n
t h e  r e s id u a l  e = s -  § i s  a l s o  a sample o f  a random process  [143  and n n n
i
we can m in im ize  the  expected  v a lu e  o f  th e  square o f  th e  e r r o r .  T h e r e fo r e ,  
we have:
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E = < e 2 >  = < C s  + I  a . s  . -  v ) 2 >  ........... (2 .1 2 )
x  n '  N n -=i  J n-J nJ
S ince  v „  and s a re  u n c o r r e I a t e d , hence / v  . s \  i s  ze ro .O n  n n-K '
A p p ly in g  Eq. ( 2 .7 )  t o  Eq. ( 2 .1 2 )  t h e r e f o r e  g iv e s :
) a .  ^ s  .s . y  = -  s . y  ; I < k < p........................... ..........(2 .13 )j  '  n - j  n - k '  N n n - k '  — — r
J
The minimum e r r o r  E^ Is  then g iven  by
E = < s 2 >  + > a . <  s s . >  ...........( 2 . 1 4 )
m n j = l  J n n_J
Speech i s  a n o n s t a t i o n a r y  p ro cess ,  b u t  can be co n s id e re d  l o c a l l y  
s t a t i o n a r y  D 4 ,  13,8H. So t a k i n g  the  e x p e c t a t i o n s  o f  Eqs. ( 2 . f 3  & 2 .1 4 )  
w i l l  g i v e  the  same e q u a t io n s  as Eqs. ( 2 .8  & 2 . 9 ) .
A p p ly in g  th e  Z - f r a n s fo r m  t o  Eq. ( 2 . 5 ) ,  ( s n i s  non-ze ro  f o r  0 < n < N - l ) :
E(Z) = ( l + ) a . Z - J ) .  S(Z)  = A(Z) . S ( Z)  ( 2 .1 5 )
j = l  J
where
A(Z) = 1 + 1  a . Z _ j  ..........(2.  16)
j = l  J
i s  an a l l - z e r o  f i l t e r  known as Inve rse  F i l t e r  ( o r  P r e d i c t i o n  E r r o r  
F i l t e r )  Cl 2 ,9 ,  140 s in c e  A(Z)  i s  an in v e rs e  f  i I t e r  f o r  t h e  system H('Z) i . e . ,
H(Z) = — ..........( 2 .1 7 )
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The p r e d i c t i o n  e r r o r  o r  r e s id u a l  e can t h e r e f o r e  be c o n s id e re dn
as t h e  r e s u l t  o f  pass ing  sn th rough  th e  in ve rse  f i l t e r  A (Z ) ;  an o b s e r v a t i o n  
which i s  e x p l o i t e d  in some o f  the  p i t c h  d e t e c t i o n  a lg o r i t h m s ;  e . g . ,
SIFT a l g o r i t h m  t o  be d iscussed  l a t e r  in t h i s  C ha p te r .
The l i m i t s  o f  summation in Eqs. ( .2.6, 2 . 8 ,  2 .9 )  were p u rp o s e ly  l e f t  
u n s p e c i f i e d .  There a re  two b a s ic  approaches t o  t h i s  q u e s t io n  lea d ing  t o  
two d i f f e r e n t  methods o f  l i n e a r  p r e d i c t i o n  a n a l y s i s .
2 .3 .1  AUTOCORRELATION METHOD
In t h i s  method t h e  speech segment ( f ram e)  i s  assumed t o  be 
i d e n t i c a l l y  zero  o u t s i d e  th e  i n t e r v a l  0 <_ n <_ N- i  . T h i s  can be ach ieved  
by m u l t i p l y i n g  sn by a f i n i t e  len g th  window ( e . g . ,  Hamming window) t h a t  i s  
i d e n t i c a l  l y  ze ro  o u t s i d e  t h e  i n t e r v a l  0 <_ n <_ N- l  . The co r re s p o n d in g  
p r e d i c t i o n  e r r o r  E i s  n o n -ze ro  o v e r  th e  i n t e r v a l  0 <_ n <_N- l+p :
N - l+p
In Eq. 2 . 8 ,  th e n :
= R( | j - k | ) ;  I _< j ,  k <_ p (2 .1 9 )
Equa t ions  t o  be so lved  f o r  t h i s  method ( f rom  Eq. 2 .8 )  a re :
J =
a . R ( | J - k  | ) = -  R ( k ) ;  I <_ k <_ p 
J
( 2 . 2 0 )
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and th e  minimum mean square p r e d i c t i o n  e r r o r  o f  Eq, 2 . 9 ,  f o r  t h i s  
method becomes:
E = RCO) + > a_ RCJ)
j = l  J
( 2 . 2 1 )
where t h e  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  f o r  Eqs. ( 2 .1 2 ,  2 .13 )  a re  s p e c i f i e d  
b y :
N-1 -m
R(m) = 7 s s 0 < m < pn n+m — — rn=0
( 2 . 22 )
The s e t  o f  e q u a t io n s  ( 2 . 1 2 ) ,  known as 'Normal E q u a t io n s ’ in l e a s t  squares 
t e r m in o lo g y  Cl 4 , 15 , 162, can be expressed in t h e  m a t r i x  fo rm as f o l l o w s :
R(p—1) 
R ( p - 2 ) 
R (p -3 )
R( 0) R( 1) R (2)
R( 1 ) R( 0) R( 1 )
R (2 ) 
•  •  •  •
R( 1 ) 
•  •  •  •
R (0 ) 
•  •  •  •
•  •  •  •
R ( p — I )
•  •  •  •
R (p-2 )
•  « •  •
R ( p - 3 ) R (0 )










• • • •
R(p)
(2 .2 3 )
T h is  p x p m a t r i x  o f  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  is  a T o e p l i t z  
m a t r i x ,  i . e . ,  i t  i s  symmetr ic  and a l l  th e  e lements  a long  any d iagona l  
are e q u a l .  A lso  i t  i s  p o s i t i v e  d e f i n i t e .  These s p e c ia l  p r o p e r t i e s  o f  
Eq. ( 2 .2 3 )  lead t o  an e f f i c i e n t  s o l u t i o n  by Lev inson-Rob inson r e c u r s i v e  
a lg o r i t h m  C l 5 , 16 ,9 ,122 .  A b r i e f  d e s c r i p t i o n  o f  t h e  Lev inson-Robinson 
a l g o r i t h m  has been g iven  in Appendix  A.
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I f  a l l  the  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  are  sca led  by a c o n s ta n t ,  
t h e  s o l u t i o n  t o  Eq. 02.23) remains unchanged. In p a r t i c u l a r ,  i f  a l l  R( j ) 
a re  n o rm a l ized  by d i v i d i n g  by ROO), t h e  r e s u l t i n g  c o e f f i c i e n t s  r ( J )  are  
c a l l e d  n o rm a l ized  a u t o c o r r e l a t i o n  c o e f f i c i e n t s :
r ( J , = H r o r   <2- 24)
Because R(0) i s  a I ways >_ R( j ) ;  | r ( j ) | < J .  Normal ized  e r r o r  (n o rm a l iz e d  
r e s id u a l  energy.) f rom Eq. ( 2 .2 1 )  I s :
E p P
En = —  = I + I  a r ( j )  = f j  ( | - k . 2 )  (2 .2 5 )
n R(0) '  j = l  J j = |  J
where k . ;  I <_ j  p a re  in te r m e d ia te  q u a n t i t i e s  in t h e  s o l u t i o n  proces
vj
o f  Levinson-Rob inson a l g o r i t h m  (Appendix  A) and are  known as R e f l e c t i o n
C o e f f i c i e n t s  (PARCOR C o e f f i c i e n t s )  w i t h  th e  s p e c ia l  p r o p e r t y  t h a t
k . <_ | I | . T h e re fo re  th e  no rm a l ized  r e s id u a l  energy has th e  p r o p e r t y  
J
t h a t
0 En <_ I  ( 2 .2 6 )
N shou ld  be o f  t h e  o rd e r  o f  seve ra l  p i t c h  p e r io d s  (2 p i t c h  p e r io d s  
in t h i s  work) t o  ensure r e l i a b l e  r e s u l t s .
2 . 3 . 2  COVARIANCE METHOD
In th e  co va r ia n c e  method, we assume t h a t  t h e  p r e d i c t i o n  e r r o r  E 
(Eq. 2 .6 )  i s  m in im ized  o v e r  a f i n i t e  i n t e r v a l  0 <_ n <_ N- l  and the  s ig n a l  
i s  assumed t o  be known f o r  the  I n t e r v a l  -p <_ n <_ N- l  ( t o t a l  p+N sam p les ) .
No assumpt ions are  t o  be made about  th e  s ig n a l  o u t s i d e  t h i s  i n t e r v a l  and
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no windowing i s  necessary, (N can be d i f f e r e n t  than  the  a u t o c o r r .  method) :  
N - l  2
E = I  e  ( 2 .2 7 )
n=0 n
Eq. ( 2 .8 )  leads t o
^ a .  $ ( J , k )  = -  < K 0 ,k ) ;  I <_ k <_ p  ( 2 .2 8 )
j - i J
and t h e  minimum mean square p r e d i c t i o n  e r r o r  is
= $ ( 0 ,0 )  t  l  a . $ ( 0 , j )  ( 2 .2 9 )
where
• i Jj = |  J
N- l
$ ( j , k )  = I  s . s , = $ ( k , j )   ( 2 .3 0 )
n=0 n J n K
In th e  m a t r i x  form p x p m a t r i x  o f  Eq. (2 .2 8 )  i s  symmetr ic  and p o s i t i v e
d e f i n i t e  b u t  n o t  T o e p l i t z ;  and th e  s o l u t i o n  i s  g e n e r a l l y  o b ta in e d  by
Cho lesky  decom pos i t ion  ( o r  square r o o t  method) .
Whi le  choos ing  a method, c o m p u ta t io n a l  e f f i c i e n c y  and th e  s t a b i l i t y
are  two m a jo r  c o n s id e r a t i o n s .
The a u to c o r r e I  a t  ion method r e q u i r e s  somewhat less  com pu ta t ion  (Np
2
m u l t i p l i c a t i o n s  f o r  c o r r e l a t i o n  m a t r i x  and about  p m u l t i p l i c a t i o n s  f o r
s o l u t i o n  t o  the  m a t r i x  e q u a t io n s  by Lev inson-Rob inson method) than th e
c o v a r ia n c e  method {Np m u l t i p l i c a t i o n s  f o r  c o r r e l a t i o n  m a t r i x  and 
3 2(p +9p + 2 p ) /6  m u l t i p l i c a t i o n s ,  p d i v i s i o n s  and p square ro o ts  ( e x a c t
f i g u r e  b y _ P o r t n o f f  e t  a l .  C 8 ,9 , 12 , 14H) f o r  t h e  s o l u t i o n  t o  th e  m a t r i x
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e q u a t io n s  by t h e  Cholesky decompos i t ion  method} .
In th e  a u t o c o r r e l a t i o n  method a l l  the  ro o ts  o f  ACZ) l i e  i n s id e  the  
u n i t  c i r c l e  in Z -p lane  which means t h a t  s t a b i l i t y  o f  H(Z) is  guaranteed 
whereas no such assurances e x i s t  in case o f  th e  c o v a r ia n c e  method
[ 8 , 9 , 1 2 , 1 3 , 1 4 ] .
So th e  p r a c t i c a l  advantages o f  th e  a u t o c o r r e l a t i o n  method o v e r  
th e  c o v a r ia n c e  method a re  o bv ious  and in  t h e  p re s e n t  work , l i k e  most 
o f  t h e  speech a n a l y s i s  re se a rch ,  the  a u t o c o r r e l a t i o n  method has been 
u se d .
2 .4  GAIN FACTOR (G)
From Eqs. ( 2 .2  & 2 . 5 ) :
e = G u = s  + ) a . s .   (2 .3 1 )
n n n j  n - j
S ince  th e  e r r o r  en i s  p r o p o r t i o n a l  t o  i n p u t  u , i t  i s  a reasonab le  
assumpt ion t h a t  th e  energy in the  i n p u t  s ig n a l  i s  equal t o  th e  
energy  in e r r o r  s ig n a l  g iven  as in Eq. ( 2 .2 1 )  [ 1 4 , 1 2 , 2 ] .  T h e re fo re  
we have:
N- l  9 N- l  ?
G T u = y e = E  ( 2 .3 2 )
n n n mn=0 n=0
The ga in  f a c t o r  G i s  t h e r e f o r e  g iven  by:
G = /  E = [  R (0 ) + V a .  R( j ) ]  1/2 ........... (2 .3 3 )
n • i JJ = l J
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T h is  e xp re ss io n  f o r  ga in  f a c t o r  has been used by Makhoul D 4 2 ,
Markel & Gray Cl2,2CG and Oppenheim C27
A no th e r  method f o r  c a l c u l a t i n g  g a in  f a c t o r  was proposed by A ta l  
and Hanauer Cl32 and f u r t h e r  improved by Klayman e t  a l .  C l2 ,8 2  on the  
b a s is  o f  i n p u t - o u t p u t  energy match ing  in t h e  o r i g i n a l  and the  s y n th e s iz e d  
speech. A cco rd in g  t o  these  a u th o rs ,  the  t r a n s m i t t e d  ga in  is a measure 
o f  energy  per  sample and i s ,  hence, s im p ly  equal t o  th e  r . m . s .  va lu e  
o f  th e  i n p u t  si  g n a I :
G =
, N-l
I r  <
N Snn=0
1/2
(2 .3 4 )
The i n p u t - o u t p u t  energy  i s  matched by r e p la c i n g  a l l  th e  s y n th e s iz e d
sample § by B . § where: r  n 7 n
B = ~  ~ \ 17772
i  y g 21
N n n n=0
(2 .3 5 )
In t h e  p re s e n t  work , t h e  r .m . s .  f o r m u la t i o n  f o r  ga in  has been used 
f o r  a n a l y s i s  and s y n th e s is  (m a in l y  due t o  i t s  accu racy  and s i m p l i c i t y ) ,  
a l t h o u g h  both  f o r m u la t i o n s  (Eqs. 2 .33  & 2 .3 4 )  are e q u a l l y  a c c e p ta b le  t o  
most speech re s e a rc h e rs  C8U.
2 .5  V/UV DECISION & PITCH EXTRACTION
The problem o f  V/UV d e c is io n  i s  t o  de te rm ine  whether  o r  n o t  th e  voca l 
co rds  were v i b r a t i n g  d u r in g  th e  g e n e ra t io n  o f  a s h o r t  speech segment.
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I f  v o ic e d ,  th e  problem o f  p i t c h  e x t r a c t i o n ,  th e n ,  i s  t o  de te rm ine  the
p i t c h  p e r io d  P, where P i s  th e  r e c ip r o c a l  o f  fundamenta l f requency
t t h e  r a te  o f  o s c i l l a t i o n  o f  vocal  co rds  is  c a l l e d  fundamenta l f requency
o r  p i t c h  f r e q u e n c y ) .
. Tie f o l l o w i n g  remarks by some o f  th e  w e l l -known re se a rch e rs  in t h i s
area can be con s id e re d  r e p r e s e n t a t i v e  as w e l l  as i n t e r e s t i n g :
"A tho rough  d is c u s s io n  o f  p u b l i s h e d  te ch n iq u e s  f o r  fundamenta l 
f req u en cy  o r  p i t c h  p e r io d  e s t i m a t i o n  would p ro b a b ly  be as long 
as t h  is  b o o k " .
-  Markel & Gray Cl 2D /  p. 190.
"Of th e  numerous systems f o r  p i t c h  e x t r a c t i o n  t h a t  have been 
proposed, none is  f r e e  from d e f i c i e n c i e s  e i t h e r  in per fo rmance 
o r  in e xce ss ive  c o m p le x i t y " .
-  Maksym C29C /  p . 149.
" N e v e r th e le s s ,  no s i n g l e  e s t i m a t e r  y e t  deve loped o f f e r s  
d e c i s i v e  advantages in e i t h e r  r e l i a b i l i t y  o r  com p u ta t io n a l  
s i m p l i c i t y ,  a f a c t  which a t t e s t s  t o  t h e  d i f f i c u l t y  o f  the  p ro b le m " .
-  Tucker  & Bates C28C /  p, 597.
"No s i n g l e  p i t c h  d e t e c t o r  was u n i f o r m l y  top  ranked ac ross  a l l  
s p e a k e rs ,' r e c o rd in g  c o n d i t i o n s  and e r r o r  measurements".
-  R ab iner  e t  a i . C26C /  p. 209 o f  C9C.
" I t  i s  th e  f i r m  b e l i e f  o f  t h i s  a u th o r  t h a t  a l l  o f  th e  proposed 
methods have t h e i r  m e r i t s ,  and in f a c t ,  t h a t  th e y  y i e l d  s i m i l a r  
per fo rmance in r e l i a b i l i t y .  P re fe re nce  o f  one approach o ve r  
a n o th e r  i s  p r i m a r i l y  de te rm ined  by th e  p a r t i c u l a r  a p p l i c a t i o n  in 
which such a system is  t o  be used" .
-  Knorr  C273 /  p.  264.
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Tak ing  i n t o  accoun t  the 'comp l e x i t y  and th e  re I i a b i I  i t y  o f  the  
p i t c h  d e t e c t i o n  a lg o r i t h m s  a v a i l a b l e  in l i t e r a t u r e  3 2 5 -3 2 ,1 3 ,1 2 ,9 ,8 3 ,  
th e  SIFT ( S i m p l i f i e d  Inve rse  F i l t e r  T ra c k in g )  o f  Markel 3 2 5 ,1 2 ,9 ,8 3  was 
used in th e  p re se n t  work m a in ly  because i t  i s  based upon l i n e a r  
p r e d i c t i o n  and c la imed by Markel t d  be b e t t e r  than some o f  th e  o t h e r  
te c h n iq u e s  based on l i n e a r  p r e d i c t i o n  C123 due t o  A ta l  & Hanauer,
S. B o l l ,  I t a k u ra  & S a i t o .
The SIFT A l g o r i t h m  i s  based on Eqs. (2 .5  & 2 .15 )  which s t a t e  t h a t :
e = s -  § = s + > a . s  . = G . un n n n J n - j  n
J I
and
ECZ) = ACZ) . S (Z ) .
In t h e  s ta te m e n t  fo rm ,  i t  im p l i e s  t h a t  t o  t h e  e x t e n t  t h a t  s i s  th er  n
o u t p u t  o f  a system w e l l  rep resen ted  by an a l l  po le  model,  e n i s  a good 
a p p ro x im a t io n  t o  th e  e x c i t a t i o n  f u n c t i o n  t o  th e  same e x t e n t  and t h a t  i f  
sn Is inve rse  f i l t e r e d  th rough  A (Z ) ,  t h e  o u t p u t  w i l l  be th e  p r e d i c t i o n  
e r r o r  o r  r e s id u a l  e r r o r  e ^ ,  expected t o  be la rge  a t  th e  b e g in n in g  o f  
each p i t c h  p e r io d  f o r 1vo iced  sounds and n o i s e - l i k e  f o r  unvoiced sounds.
B lock  diagram o f  SIFT a lg o r i t h m  i s  g iven  in F ig .  2 ’. I .  Assuming t h a t  
speech is  sampled a t  10 kHz and t h a t  t h e  p i t c h  p e r io d  l i e s  in th e
range 2 .5  -  15.5 ms, the  SIFT can be d e sc r ib e d  in th e  f o l l o w i n g  s te p s :
( I )  The speech s ig n a l  -Cs J is  lowpass f i l t e r e d  th rough  a t h i r d  
o r d e r  e l l i p t i c  f i l t e r  P 23 w i t h  c u t  o f f  f requency  c lo s e  t o  I kHz and th e  
e f f e c t i v e  sampling f req u en cy  is  reduced t o  2 kHz by d e c im a t io n  (d ro p p in g
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4 o u t  o f  e v e ry  5 samples) t o  reduce f u r t h e r  c o m p u ta t io n s .
Ci i ) The above o u t p u t  i s  then pre-emphas ized by pass ing  th rough
o f  o n l y  th e  vocal t r a c t  C12 , 1 3 , 143 and m u l t i p l i e d  by a Hamming window:
( i i l )  { u^.} i s  ana lyzed  by th e  a u t o c o r r e l a t i o n  method (sec .  2 . 3 . 1 )  t o  
des ign  a f o u r t h - o r d e r  in v e rs e  f i l t e r  (as p=4 i s  s u f f i c i e n t )  t o  model th e  
s ig n a l  in (0-1 kHz) f re q u e n cy  range.  { u ^ } i s then inve rse  f i l t e r e d  t o  g iv e  
{d. } which o b v io u s l y  i s  t h e  r e s id u a l  e r r o r  f o r  th e  f o u r t h  o r d e r  l i n e a r
p r e d i c t o r ,  w i l l  have an a p p ro x im a te Iy  f l a t  spectrum [ 1 2 , 8 , 1 4 ] .
( i v )  The a u t o c o r r e l a t i o n  o f  { d ^ }  i s  c a l c u l a t e d  and th e  l a r g e s t  
a u to c o r r e I  a t  ion peak in the  d e s i re d  p i t c h  range (2 .5  -  15.5 ms) is  
o b t a in e d .  V a r i a b l e  t h r e s h o ld  i s  used and i f  a peak c rosses  th e  v a r i a b l e  
t h r e s h o l d ,  i t s  l o c a t i o n  is  taken as th e  p i t c h  p e r i o d .  I n fo rm a t io n  on th e  
p r e v io u s  two frames is  r e t a i n e d  f o r  e r r o r  d e t e c t i o n .  The a u t o c o r r e l a t i o n  
sequence i s  i n t e r p o l a t e d  p a r a b o l i c a l l y  in t h e  re g io n  o f  t h e  maximum 
v a lu e  f o r  o b t a i n i n g  th e  a d d i t i o n a l  r e s o l u t i o n  in the  p i t c h  v a lu e .  A 
frame is  d e c la re d  t o  be unvo iced i f  th e  a u t o c o r r e I a t i o n  peaks are  smal l
a s in g le - 'Z e ro  f i l t e r  I - Z  t o  p reserve  th e  s p e c t r a l  c h a r a c t e r  i s t  i cs
S5 Ck—I ) + 4 ); (2 .3 6 )
where { }  i s  nonzero o n l y  f o r  0 <_ n <_ N— I , N is  equal t o  400 samples and 
th e  Hamming window i s
W(< = 0 .54  -  0 .46 Cos [  2 r k / ( j  - 1 ) 3 ;  0 <_ k <_ ( j  -  I )
0 o the rw  i se (2 .3 7 )
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and f a l l  below th e  v a r i a b l e  t h r e s h o l d  v a lu e s .
Cv) I f  th e  e r r o r  d e t e c t i o n  process  f i n d s  an unvoiced frame 
surrounded by v o ice d  f rames,  i t  i s  d e c la re d  t o  be vo ice d  w i t h  p i t c h  
p e r io d  equal t o  th e  average o f  th e  p i t c h  p e r io d s  o f  t h e  two s u r ro u n d in g  
vo ice d  frames because an i s o l a t e d  unvoiced frame such as t h i s  is im poss ib le  
t o  ex i s t .
Cvi). The i n p u t  sequence i s  400 samples (40 ms) and t h e r e  i s
a 2 t o  I o v e r la p  o f  i n p u t  data  im p ly in g  t h a t  40 ms sequences are  processed 
in 20 ms inc rem en ts .
2 .6  LINEAR PREDICTION SYNTHESIS
Speech can be s y n th e s ize d  by u t i l i z i n g  th e  f o u r  c o n t r o l  parameters
o f  t h e  l i n e a r  p r e d i c t i o n  a n a l y s i s  as an i n p u t  t o  a system which has the
same p a ra m e t r i c  r e p r e s e n t a t i o n  as t h e  a n a l y s i s  model .  F ig .  2 .2  shows
th e  l i n e a r  p r e d i c t i o n  s y n t h e s i z e r  due t o  A ta l  & Hanauer C13l].
I f  th e  c o n t r o l  pa rameters  a re  updated a t  t h e  b e g in n in g  o f  a p i t c h
p e r io d  us ing  a v a r i a b l e  frame leng th  e v e ry  t im e ,  t h e  s y n th e s is  i s  c a l l e d
p i t c h  synchronous s y n th e s is  whereas i f  t h e  c o n t r o l  parameters  a re  updated
once e ve ry  t im e  f o r  a f i x e d - l e n g t h  frame th e  process is  c a l l e d  p i t c h
asynchronous s y n th e s is  [ I 3 , I2 ,9 ,8 H .  P i t c h  asynchronous s y n th e s is  r e q u i r e s
i n t e r p o l a t i o n  o f  th e  c o n t r o l  pa rameters  which is  n o t v e r y  s imple  [  13 ]  and
the  i n t e r p o l a t i o n  o f  t h e  a . ' s  can even lead t o  an u n s ta b le  f i l t e r .  P i t c h
J
synchronous s y n th e s is  is  t h e r e f o r e  g e n e r a l l y  p r e f e r r e d  C8,I  8 , 19 ,24U .
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The p i t c h  synchronous s y n th e s is  in th e  p re s e n t  work was performed 
u s in g  v a r i a b l e  frame len g th  o f  2P samples f o r  vo ice d  frame and a f i x e d  
frame leng th  o f  200 samples f o r  unvo iced frame (P i s  t h e  p i t c h  p e r i o d ) .
Using impulse g e n e r a to r  and w h i te  no ise  g e n e r a to r  (p ro d u c in g  zero mean, 
u n i t y  s tanda rd  d e v i a t i o n ,  u n c o r r e l a t e d  random sample sequence v ) as the  
e x c i t a t i o n  sources f o r  v o ice d  and unvoiced sounds r e s p e c t i v e l y ,  th e  
s y n th e s i s  can be rep re se n te d  by these  e q u a t io n s :
C i ) vo iced sounds (0 <_ n <_ N -1 ; N = 2P) ;
s = -  ) a . s  . + G u ; u = 1  f o r  n = 0, n = P
n j = l  J n' J n n
u = 0  f o r  n 1 0 ,  n 1 P ............ (2 .38a )n
( i i ) unvoiced sounds (0 <_ n <_ N- l  ; N = 200) :
s = -  ) a . s  . + v  (2 .38b)
n j = |  J n ' J  n
L in e a r  p r e d i c t i o n  s y n t h e s i z e r  o f  F ig .  2 .2  r e a l i z e s  Eq. (2 .3 8 )  and 
r e q u i r e s  p m u l t i p l i c a t i o n s  and p a d d i t i o n s  t o  s y n th e s iz e  one o u tp u t
A
sample s .K n
2 .7  ANALYSIS/SYNTHESIS CONSIDERATIONS
Q u a l i t y  o f  the  s y n th e s iz e d  o u t p u t  speech from a n a l y s i s  c o n t r o l  
parameters  i n v o lv e s  some c o n s id e r a t i o n s  such as c h o ice  o f  methods, 
w indow ing ,  p re -em phas is ,  sampling r a t e s ,  o r d e r  o f  th e  model p, and leng th  
o f  th e  a n a l y s i s  frame. A l though  some o f  th e se  have been d iscussed  in
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th e  a p p r o p r ia t e  s e c t i o n s ,  y e t  a l l  o f  these w i l l  be summarized here f o r  
comple teness.
C o n s id e r in g  accu racy ,  s to ra g e  and com pu ta t ion ,  th e  sampling f requency ,  
f  = 10 kHz is  g e n e r a l l y  taken as a r e p r e s e n t a t i v e  sampling r a te  { j , 2 , 8 , 9 ,
I 1, 12, 13, 18, 19 ,21 ,253H where speech s ig n a l  i s  b a n d l im i te d  t o  less  than 
5 kHz bandwidth t o  avo id  a l i a s i n g .  Sampling frequency 10 kHz was used.
Order  o f  t h e  model ( i . e . ,  no. o f  the  a j ' s  ^ depends m a in ly  on th e  
sampling  r a t e .  One complex po le  per  kHz is  r e q u i re d  t o  r e p re s e n t  the  vocal 
t r a c t  and 3 -4  p o le s  a re  re q u i re d  t o  re p re s e n t  source e x c i t a t i o n  and l i p  
r a d i a t i o n .  For f  = 10 kHz, va lu e  o f  p equal t o  13 o r  14 is  needed.
A ta l  & Hanauer P 3 ]  showed in a graph t h a t  t h e  p r e d i c t i o n  e r r o r  decreases 
o n ly  by a smal l  amount when p i s  increased beyond 12. A va lue  o f  p less 
than o r  equal t o  12 was used.
Pre-emphasis be fo re  a n a ly s i s  (pass ing  th e  s ig n a l  th rough  a s i n g l e ­
zero  f i l t e r  I -  yZ \  0 .9  < y <  1.0) i s  a procedure used t o  e s t im a te  the  
s p e c t r a l  c h a r a c t e r i s t i c s  o f  the  vocal t r a c t  a lone w i t h o u t  the  e f f e c t s  o f  
the  g l o t t a l  and l i p  r a d i a t i o n  c h a r a c t e r i s t i e s .  Pre-emphasis was t h e r e ­
f o r e  used in the  SIFT a lg o r i t h m  to  sharpen th e  a u to c o r re I  a t  ion peaks in
p i t c h  d e te c t i o n  b u t  no t  f o r  th e  e s t im a t i o n  o f  a . ' s  because i t  leads to
J
a d d i t i o n a l  c o m p le x i t i e s  and u n d e s i ra b le  e f f e c t s  in the  s y n th e s is  s p e c t ra l  
p r o p e r t i e s  such as low f requency  boost  p 7 , l 2 3 .
A l though a r e c t a n g u la r  window is  i m p l i c i t  in the  a u to c o r re I  a t  ion 
method, an e x p l i c i t  window such as Hamming window which ta p e rs  down s^ 
t o  ze ro  i s  recommended t o  check th e  s p e c t r a l  d i s t o r t i o n  e f f e c t s  o f
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d i s c o n t i n u i t i e s  a t  s_ & s., . . A Hamminq window was used0 N-1 a
both  in t h e  e s t i m a t i o n  o f  a . ' s  and p i t c h .
J
V a r ia b le  frame leng th  was used, equal t o  2P f o r  vo ice d  frames 
and equal t o  20 ms f o r  unvoiced frames. P i t c h  synchronous a n a l y s i s /  
s y n th e s is  be ing less  complex than p i t c h  asynchronous a n a l y s i s /
s y n th e s is  (Sec. 2 .6 )  was used.
As f a r  as c h o ice  o f  methods in th e  c o n t r o l  pa rameter  e s t im a t i o n  
i s  concerned;  t h e  a u t o c o r r e I  a t  ion method f o r  th e  a j ’ s was chosen f o r  i t s
ij
s t a b i l i t y  and c o m p u ta t io n a l  e f f i c i e n c y ;  th e  r . m . s .  f o r m u la t i o n  f o r  
ga in  f a c t o r  G was chosen f o r  i t s  accuracy  and s i m p l i c i t y ;  and th e  SIFT 
a lg o r i t h m  was chosen f o r  i t s  e f f i c i e n c y  and c lo s e  r e l a t i o n s h i p  w i t h  
I i n e a r  p r e d i c t i o n .
2 .8  RESULTS
The f o l l o w i n g  sentences from th e  t a p e - r e c o r d e r  were band l i m i t e d  t o  
f  = 4 .6  kHz; sampled a t  10 kHz t o  avo id  a l i a s i n g ;  s to re d  in d i s k  and 
were processed f o r  l i n e a r  p r e d i c t i o n  a n a l y s i s  and s y n th e s i s  o f  speech 
u t i l i z i n g  the  methods d iscussed  in th e  p re v io u s  s e c t i o n :
( i ) PAY THE MAN FIRST PLEASE
( i i ) MY NAME IS MILLER
( i i i ) PAPA NEEDS TWO SINGERS
( i v ) CASH THIS BOND PLEASE
(v ) 1 KNOW WHEN MY LAWYER IS DUE
(v i  ) 1 WAS STUNNED BY THE BEAUTY OF THE (VIEW)
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The d u r a t i o n  o f  th e se  sentences spoken by d i f f e r e n t  male a d u l t  
speakers  i s  between 1.0 t o  1,6 seconds. The sentences are  r e p r e s e n t a t i v e  
f o r  speech p ro ce ss in g  in th e  sense t h a t  these  a re  made o f  a l l  t y p i c a l  
speech, sounds Csec. 1 .3 ) ,  i . e . ,  v o ic e d ,  unvo iced ,  p l o s i v e ,  nasal and 
non-nasa l  sounds.
A f t e r  a n a l y s i s ,  th e  sentences were s y n th e s iz e d  w i t h  d i f f e r e n t  
numbers o f  po les  ( p ) .  R e s u l t s  o f  t h e  in fo rm a l  p e rcep tu a l  l i s t e n i n g  
t e s t s  can be summed up as f o l l o w s :
C i ) The q u a l i t y  o f  th e  syn th e s iz e d  speech f o r  p = 12 was found 
t o  be a lm os t  as good as the  o r i g i n a l  speech. In c re a s in g  p 
beyond 12 d i d n ’ t  show any s i g n i f i c a n t  change/improvement 
in  th e  q u a l i t y  o f  t h e  s yn th e s ize d  speech th e re b y  lea d ing  t o  
th e  c o n c lu s io n  t h a t  p = 12 i s  s u f f i c i e n t  t o  p ro v id e  an 
adequate r e p r e s e n t a t i o n  o f  t h e  speech s i g n a l s .
C i I ) S l i g h t  d e g ra d a t io n  in t h e  q u a l i t y  o f  s y n th e s iz e d  speech was 
n o t i c e a b l e  when p was decreased t o  8 e s p e c i a l l y  in nasal 
and p l o s i v e  sounds.
Ci i i ) A l though  poor  in q u a l i t y ,  the  s y n th e s iz e d  speech f o r  p 
even as low as 2 was i n t e l l i g i b l e .
Civ) The q u a l i t y  o f  t h e  s y n th e s iz e d  speech was b e t t e r  when th e  Hamming
window was used in  a u to c o r r e I  a t  ion method than the  speech o b ta in e d
o th e rw is e  us ing  an i m p l i c i t  r e c t a n g u l a r  window.
Cv) The q u a l i t y  o f  t h e  n a s a l ,  p l o s i v e  and vo ice d  f r i c a t i v e  sounds
in th e  syn th e s ize d  speech was n o t  as good as th e  q u a l i t y  o f
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th e  v o ic e d ,  non-nasa l  o r  unvoiced sounds. T h is  was so 
expected  due t o  t h e  l i m i t a t i o n s  o f  th e  s i m p l i f i e d  a l l  p o le  
mode I .
These r e s u l t s  a re  b a s i c a l l y  s i m i l a r  t o  th e  r e s u l t s  re p o r te d  by 
th e  lea d ing  speech re s e a rc h e rs  such as Ata I & Hanauer E l 3 , 8 , 9 E ,  Markel 
& Gray E I 2 , 2 0 , 8 , 9 1 ] ,  R ab in e r  & S cha fe r  E l , 8 , 9 1 ,  Oppenheim E2, 8 , 9 ,  I El, 
Makhou I E l 4 , 9 E ,  and Wong E l 7 , l 8 , 2 l E  e t c . .
O r i g i n a l  as w e l l  as t h e  s y n th e s iz e d  speech (p = 12) waveforms f o r  
one sentence are  p resen ted  in F igu res  and some comments on speech and 
speech model have been in c lu d e d  in Appendix  B.
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CHAPTER I I |
NEW TECHNIQUES IN LINEAR PREDICTION
ANALYSIS AND SYNTHESIS OF SPEECH
3.1 INTRODUCTION
In th e  c l a s s i c a l  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  o f  speech, 
th e  f o l l o w i n g  s i m p l i f i e d  a l l - p o l e  d i g i t a l  f i l t e r  i s  u t i l i z e d  t o  
re p re s e n t  speech s ig n a l  s^ (0 <_ n < _ N - I ) :
H(z) = M i r  =  p   ( 3 ' |}
I + V a . z - j  
j = l  J
Except f o r  one sample a t  th e  b e g in n in g  o f  e ve ry  p i t c h  p e r io d  where 
t h e  e x c i t a t i o n  f u n c t i o n  i s  a p u lse  w i t h  a m p l i tu d e  equal t o  ga in  f a c t o r  G, 
the  samples o f  the  vo ice d  frame can be p r e d i c te d  as a l i n e a r  com b ina t ion  
o f  th e  p a s t  p samples as:
s = - ) a . s .   ( 3 .2 )n . L , j  n - jj - l  J J
= -  a .s  . -  a „ s  „  -  a Ts ,  - ............. -  a s   ( 3 .3 )I n - I  2 n-2  3 n -3  p n-p
In t h i s  C hap te r ,  two new te c h n iq u e s  in l i n e a r  p r e d i c t i o n  o f  speech 
are  proposed. U n l i k e  the  c l a s s i c a l  l i n e a r  p r e d i c t i o n  where a l l  the  p re v io u s  
p samples are  u t i l i z e d  t o  p r e d i c t  th e  c u r r e n t  speech sample, one o f  the 
new te ch n iq u e s  u t i l i z e s  o n ly  *odd f ; and the  o th e r  te c h n iq u e  u t i l i z e s  o n ly
40
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' e v e n '  p re v io u s  speech samples t o  p r e d i c t  t h e  c u r r e n t  sample.
Hence th e  proposed names f o r  these  te ch n iq u e s  are  'Odd sample l i n e a r  
p r e d i c t i o n '  and 'Even sample l i n e a r  p r e d i c t i o n ' .
O b v io u s l y , ,  c l a s s i c a l  l i n e a r  p r e d i c t i o n  r e q u i r e s  th e  number o f  po les  
t o  be p t o  u t i l i z e  p re v io u s  p samples t o  p r e d i c t  t h e  c u r r e n t  sample 
whereas t h e  proposed te c h n iq u e s  need o n ly  p /2  po les  t o  u t i l i z e  prevous p 
samples f o r  th e  same purpose.  The i n v e s t i g a t i o n  i n t o  th e  r e l a t i o n s h i p  
between t h i s  o bv ious  co m p u ta t io n a l  sav ing  and th e  q u a l i t y  o f  the  
s y n th e s iz e d  speech w i l l  be re p o r te d  l a t e r  in t h i s  Chap te r .
5 .2  ODD SAMPLE LINEAR PREDICTION
In t h i s  proposed te c h n iq u e ,  t h e  p r e d i c t e d  sample is  rep resen ted
a s :
£ = - b . s  . - b „ s  ,  -  b , s  _ -  . . . .  -b  s _ .  C3.4)n I n - l  2 n -3  3 n-5 p n - 2 p t |
I  b .  s . . . .   ( 3 .5 )
/ o  j n- 2J+l
The a l l - p o l e  model r e p re s e n t in g  odd sample l i n e a r  p r e d i c t i o n  i s :
H( Z) = --------- — ^ ...................  { 3 . 6 )
I + I  b .  z ' 2-i+l  
j = l  J
which can be c h a r a c t e r i z e d  by a d i f f e r e n c e  e q u a t io n  o f  th e  form s i m i l a r  
t o  Eq. ( 2 .2 )  as:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
f o r  vo ice d  sounds. For unvoiced sounds, the  d i f f e r e n c e  e q u a t io n  is  s i m i l a r  
t o  t h a t  in Eq. ( 2 .1 0 )  as:
The e x c i t a t i o n  f u n c t i o n  is  an impulse t r a i n  ( im pu lse s  are  spaced 
p i t c h  p e r io d  a p a r t )  f o r  vo ice d  sounds and random numbers f o r  unvoiced 
sounds.
Odd sample l i n e a r  p r e d i c t i o n  a n a l y s i s  i s ,  t h e r e f o r e ,  c o m p le te ly  
s p e c i f i e d  by these  f o u r  c o n t r o l  pa ram ete rs :
( i )  ^ i * J _
J
C i i ) Gain f a c t o r  G ( r . m . s .  v a lu e )
C i i i )  V o ice d /u n vo ice d  (U/UV) d e c is io n
Civ) P i t c h  p e r io d  CP) f o r  vo ice d  speech.
Except  b . ’ s ,  t h e  o t h e r  t h r e e  parameters  can be de termined by th e  
J
methods d iscussed  in t h e  p re v io u s  c h a p te r  whereas th e  b . ' s  can be de termined
J
from th e  e q u a t io n s  s i m i l a r  t o  Eq. (2 .2 0 )  o b ta in e d  by th e  e r r o r  m in im iz a t i o n  
c r i t e r i a  as f o l l o w s :
(3 .8 )
E = I  Cs -  s ) 2 L n n
(3 .9 )
n
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I  C s + y b .  s 7
n n j = |  J n" 2J+l
(3 .1 0 )
For e r r o r  m i n i m i z a t i o n , 3E3b,
= 0  ( I < k < p ) ,  Ieads t o :
. , bj  ^ Sn - 2 j + l  * Sn -2k+ l  ^ Sn Sn-2k+ lj = I  J n n
(3 .1 1 )
T h is  e q u a t io n  is  o f  th e  form o f  Eq. ( 2 .8 )  c h a r a c t e r i z i n g  th e  c l a s s i c a  
l i n e a r  p r e d i c t i o n  o f  speech. S o lv in g  i t  by A u t o c o r r e l a t i o n  method (sec .  
2 . 3 . 1 )  leads t o  (see Eq. 2 . 2 0 ) :
J =
£ . R (2 | j - k  | ) = -  R ( 2 k - 1 ) ;  I <_ k <_ p (3 .1 2 )
where, as in Eq. ( 2 . 2 2 ) ,  we have:
N-1 -m
RCm) = T s s . ;  0 < m < 2 p - ln n+m — — Kn=0
(3 .1 3 )
Eq. (3 .1 2 )  in t h e  m a t r i x  form w i l l  be'
R (0 ) R(2) R(4)
R( 2) R(0) R(2)
R( 4) R(2) R (0 )
R(2p-2)  R(2p-4 )  R(2p-6)
R(2p-2)  
R(2p-4)  
R (2 p -6 )
R(0)
’ b l ' -R( 1 )
^2 R(3)
>3 — — R(5) 
• • • •
b
. P .
• • • •
R (2 p — 1 )
■
(3 .14 )
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A l t o g e t h e r  2p A u to c o r re  I a t  i on c o e f f i c i e n t s  R(m); 0 < m < _ 2 p - l ,  
w i l l  be r e q u i r e d .  LHS m a t r i x  above i s  a p x p T o e p l i t z  m a t r i x ,  and 
hence can be e f f i c i e n t l y  so lve d  by Lev inson-Rob inson  r e c u r s i v e  
a l g o r i t h m  (Appendix  A ) .
3 .3  EVEN SAMPLE LINEAR PREDICTION
T h is  proposed te c h n iq u e  is  c h a r a c t e r i z e d  by th e  f o l l o w i n g  5 
e q u a t io n s  s i m i l a r  t o  Eqs. ( 3 .4  t o  3 . 8 ) ,  where t h e  symbols have th e  
s imi I a r  mean i n g :
§n *  " g l Sn-2  " 92Sn-4 “ 93 Sn-6 "  ............  ~gp Sn-2p  (3
j = i  9 J
H(Z) = .....................- ...................  (3
I + I  9 ;  Z" 2 j
j = l  J
s = -  > g . s  „  . + G . u ( vo ice d  sounds)  (3n aJ n - 2 j  n
s = -  ) q . s  _ . + v (unvo iced  sounds)  (3
n aJ n - 2 j  n
J
Three o f  th e  f o u r  c o n t r o l  parameters  (Ga in ,  V/UV d e c is io n  & p i t c h )
can be de te rm ined  as d iscussed  in Chap te r  I I  whereas g . ' s  can be
J
de te rm ined  from th e  f o l l o w i n g  e q u a t io n s  s i m i l a r  t o  Eqs. (3 .12  t o  3 .14 )




. I 8) 
. 19)
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o b ta in e d  s i m i l a r l y  by e r r o r  m in im iz a t i o n  c r i t e r i a
I  9 :
•=l J
R(2 | j - k | ) 
N - 1-2m





0 < m < p
R (0 ) R( 2) RC4) R(2p-2)
R(2) R (0 ) RC2) R(2p-4)
R(4) 
•  •  •  •
R(2) 
•  •  •  •
RCO) 
•  •  •  •
R(2p-6)
R (2 p -2 ) R (2p-4)
•  •  •  •
R (2 p -6 ) R(0)
(3 .2 0




•  •  •  •
9P
•  « •  •
R(2p)
J (3 .2 2 )
A l t o g e t h e r ,  p+l A u to c o r re I  a t  ion c o e f f i c i e n t s  ( d i f f e r e n t  c o e f f i c i e n t s  
b u t  same number as in t h e  c l a s s i c a l  l i n e a r  p r e d i c t i o n )  are  needed. LHS 
m a t r i x  i s  t h e  same as in Eq. ( 3 .1 4 )  and Lev inson-Rob inson  r e c u r s i v e  a lg o r i t h m  
can be used f o r  e f f i c i e n t  s o l u t i o n  (Appendix  A) .
3 .4  RESULTS
The idea beh ind  these  new te ch n iq u e s  was t o  see i f  the  q u a l i t y  o f  
th e  s y n th e s iz e d  speech ach ieved  from th e  c l a s s i c a l  l i n e a r  p r e d i c t i o n  c o u ld  
be ach ieved th rough  less com pu ta t ion  by Odd sample o r  Even sample l i n e a r  
p r e d i c t i o n .  A l l  th e se  te ch n iq u e s  r e q u i r e  same amount o f  com pu ta t ion  f o r  
g a in ,  p i t c h  & V/UV d e c is io n  b u t  d i f f e r e n t  amount o f  com puta t ion  f o r  
p r e d i c t i o n  pa ram ete rs .  The in fo rm a l  p e rce p tu a l  l i s t e n i n g  t e s t s  on s y n th e s ize d
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speech gave the f o l l o w i n g  r e s u l t s ;
CM The q u a l i t y  o f  th e  syn th e s ize d  speech from th e  c l a s s i c a l
l i n e a r  p r e d i c t i o n  Cp=12) i s  comparable w i t h  t h a t  from Odd sample
I i n e a r  p r e d i c t i o n  (p=8) .  For frame leng th  N samples, the  c l a s s i c a l
2
te ch n iq u e  re q u i r e s  ( I2N + 12 ) m u l t i p l i c a t i o n s  f o r  c o e f f i c i e n t s  &
CI2N m u l t i p l i c a t i o n s  t  I2N a d d i t i o n s )  f o r  e s t i m a t i n g  N samples. Odd
2
sample te c h n iq u e ,  however, r e q u i r e s  ( I6N t  8 ) m u l t i p l i c a t i o n s  f o r  
c o e f f i c i e n t s  & (8N m u l t i p l i c a t i o n s  & 8N a d d i t i o n s )  f o r  e s t i m a t i o n .  The 
sav ing  in computa t ion  i s ,  t h e r e f o r e  (80 m u l t i p l i c a t i o n s  & 4N a d d i t i o n s )  
f o r  t h e  comparable q u a l i t y  o f  the  syn th e s ize d  speech.
( i i )  A l though Even sample te ch n iq u e  saves h a l f  t h e  computa t ion  load 
(p=6) and one t h i r d  com puta t ion  load (p=8) than th e  c l a s s i c a l  l i n e a r  
p r e d i c t i o n  ( p = l 2 ) ;  y e t  th e  s yn th e s ize d  speech, though i n t e l l i g i b l e  enough, 
is  n o t  as good as t h e  c l a s s i c a l  t e c h n iq u e .  The reason is  t h a t  in Even 
sample te c h n iq u e ,  al  I even samples o f  a frame tend t o  be ve ry  smaI I ( q u i t e  
o f t e n  zero)  because in t h e  e s t im a t i o n  o f  t h e  second sample o f  a vo iced  
frame, t h e  ve ry  f i r s t  sample w i t h  la rge  a m p l i tu d e  due t o  the  e x c i t a t i o n  
puIse doesn? t  c o n t r  i bu te  a t  a l l  and s i m i l a r  o p e ra t  ion co n t  i nues f o r  a I I 
th e  rem ain ing  even samples o f  t h e  vo iced  rrame.
M o d i f ie d  Even sample l i n e a r  p r e d i c t i o n  was a l s o  t r i e d .  In th e  
m o d i f ie d  v e r s io n ,  a l l  ve ry  smal l  a l t e r n a t e  samples o f  the  syn thes ized  
speech were rep laced by new samples where each new sample was the  average 
o f  two samples one on e i t h e r  s ide  o f  th e  sample t o  be rep laced .  The
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o u t p u t  improved, b u t  th e  q u a l i t y  o f  th e  s y n th e s iz e d  speech was s t i l l  
n o t  as good as t h a t  o b ta in e d  from th e  C la s s i c a l  l i n e a r  p r e d i c t i o n  o r  
Odd sample l i n e a r  p r e d i c t i o n .  Waveforms o f  t h e  s y n th e s iz e d  speech from 
t h e  new te c h n iq u e s  a re  in c lu d e d  in F ig .  3.1 & F ig .  3 .2 .
The p i t c h  synchronous s y n t h e s i s  u s ing  v a r i a b l e  frame leng th  was
used.
3 .5  SPECTRAL CHARACTERISTICS
The s p e c t r a l  c h a r a c t e r i s t i c s  per iodograms o f  t h e  data  ( F i g .  3 .3 )
& t h r e e  l i n e a r  p r e d i c t i o n  models d iscussed  so f a r  ( F i g .  3 .4 )  a re  g iven  
he re !  n .
The DFT ( D i s c r e t e  F o u r i e r  T ra n s fo rm )  o f  a f i n i t e  sequence sn 
( 0 < _ n < _ N - l )  and I t s  I n ve rse  DFT i s  de f  I ned as :
N~l • r2z-|
S(k> = I  s ( n )  e " J N JnK> 0 <_ k <_ N I ........... (3
n=0 '
i  ^ ~i v
s (n )  = I  S( k ) eJ LN J ; 0 £  n £  N- l   (3
k=0
The log magni tude spectrum o f  t h e  i n p u t  data  LM(S) and t h a t  o f  t h e  
models LM (G/A) a re  ta ke n  as :
LM(S) = 10 l o g |Q 1S ( k) | 2  (3
LM(G/A) = 10 I o g (0
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CHAPTER IV
NOISE CANCELLATION TECHNIQUES 
IN SPEECH SIGNALS
4.1 INTRODUCTI ON
IEEE D i c t i o n a r y  C48U "def ines n o is e  as 'unwanted d is t u r b a n c e s ,  
superposed upon a u se fu l  s ig n a l  t h a t  tend  t o  obscure  i t s  i n f o r m a t io n  
c o n t e n t ' . (p .  43 9 ) .
For s i m p l i c i t y ,  t h e  te rm  n o is e  i s  used in  t h i s  t h e s i s  t o  ' s i g n i f y  
a l l  fo rms o f  d i s t u r b a n c e s ,  d e t e r m i n i s t i c  as w e l l  as s t o c h a s t i c ' ,  a f t e r  
Wi drow e t  a I . C34H.
No isy  speech can be re p re se n te d  as:
x = s^ +  ( 4 .1 )n n n
where sn i s  th e  c lea n  speech c o r r u p t e d  by a d d i t i v e  broadband n o ise
v . The problem is  t o  a ch ie ve  § , a b e s t  e s t im a te  o f  s from n o is y  n r  n n 7
speech x n .
The d i f f i c u l t y  a r i s e s  because th e  n o is e  s t a t i s t i c s  are  g e n e r a l l y  unknown 
and t h e r e f o r e ,  ' I n  speech, i t  i s  n o t  easy t o  s p e c i f y  a c r i t e r i o n  which 
would lead t o  a " b e s t "  e s t im a te  o f  c lean  s i g n a l ;  hence a v a r i e t y  o f  
a lg o r i t h m s  are  o f t e n  proposed and e v a lu a te d  by l i s t e n i n g  t o  th e  processed 
r e s u l t s '  C463.
In t h i s  C ha p te r ,  two o f  th e  many n o ise  c a n c e l l a t i o n  te ch n iq u e s  
(see C34-47^, i . e . ,  A d a p t iv e  n o ise  c a n c e l l a t i o n  C34,353 and Wiener n o ise  
c a n c e l l a t i o n  [ 3 6 ^ ,  examined in t h e  p re s e n t  work , w i l l  be d iscussed  in
52
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LP => LTcR 
< 5  kHz
l_ P FILTER
c
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s e c t i o n s  ( 4 .3  & 4 . 4 ) .  These te ch n iq u e s  were chosen because th e se  are 
c l o s e l y  r e l a t e d  t o  l i n e a r  p r e d i c t i o n  and r e p o r t  s i g n i f i c a n t  improvement 
in  r e s u l t s  d u r in g  in fo rm a l  p e rc e p tu a l  l i s t e n i n g  t e s t s  where, 'By 
improvement ,  we mean t h a t  t h e  (p rocessed )  speech was more p le a s a n t  t o  
l i s t e n  t o  and "appea red "  t o  have more i n t e l l i g i b i l i t y '  (Sambur C35D).
The l a t e r  s e c t i o n s  ( 4 .6  & 4 .7 )  w i l l  c o n c e n t r a t e  on th e  o r i g i n a l  
c o n t r i b u t i o n  -  two n o is e  c a n c e l l a t i o n  te c h n iq u e s  -  namely ' L i n e a r  p r e d i c t i o n  
n o ise  c a n c e l l a t i o n '  & 'D e layed  l i n e a r  p r e d i c t i o n  n o is e  c a n c e l l a t i o n ' .  A s im p le  
t e c h n iq u e  'Average n o is e  c a n c e l l a t i o n '  has been d iscussed  in sec.  ( 4 .5 )  j u s t  
as a bench-mark . F ixed frame le n g th ,  N=200 samples has been used f o r  th e se  
t e c h n ! q u es .
4 .2  COMPUTER SIMULATION OF NOISY SPEECH
F ig .  4.1 i l l u s t r a t e s  th e  computer  s i m u l a t i o n  o f  n o is y  speech s ig n a l
x . The n o i s e f r e e  speech s ig n a l  sn i s  o b ta in e d  by b a n d l i m i t i n g  th e
c o n t in u o u s  speech s ig n a l  s ( t )  f rom th e  t a p e - r e c o r d e r  a f t e r  pass ing  i t
t h ro u g h  lowpass ana log  f i l t e r  w i t h  c u t o f f  f r e q u e n cy  less  than 5 kHz and
sampl ing  i t  a t  a samp l ing  r a te  equal t o  10 kHz. Noise v^ is  o b ta in e d
from one o f  two sources  -  sampl ing  th e  c o n t in u o u s  n o is e  s ig n a l  v ( t )  f rom
H.P. n o ise  g e n e r a to r  a f t e r  lowpass f i l t e r i n g  i t  as above o r  from random
number g e n e r a to r  u s ing  s u b r o u t i n e s  GAUSS & RANDU. Both sequences are
added d i q i t a l l y  t o  o b t a in  x = s + v . The n o ise  sequence v is  sca led  a 7 n n n ^ n
t o  o b t a in  a n o is y  speech s ig n a l  f i l e  w i t h  d e s i re d  s ig n a l  t o  n o ise  r a t i o
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d e f in e d  as:
SNR = 10 log|Q
4 .5  ADAPTIVE NOISE CANCELLATION CA.N .C .)
The b a s ic  p r i n c i p l e s  o f  a d a p t i v e  no ise  c a n c e l l a t i o n  due t o  Widrow 
e t  a l .  C34H and th e  m o d i f i c a t i o n s  f o r  speech s ig n a l  In p u ts  proposed by 
Sambur C35H can be d iscussed  as f o l l o w s :
4 .3 .1  BASIC PRINCIPLES OF A .N .C .
The b a s ic  p r i n c i p l e s  o f  a d a p t i v e  n o ise  c a n c e l l a t i o n  £ 3 4 ,3 5 ,4 2 ,4 3 ,1 9 ,
47U can be i l l u s t r a t e d  th ro u gh  F ig .  4 . 2 .  The n o is y  s ig n a l  (x  = sn + v )
i s  termed as ’ p r im a ry  i n p u t '  whereas th e  i n p u t  t o  th e  a d a p t iv e  n o ise
cancel  l o r  f i l t e r  (w ) is  termed as ' r e f e r e n c e  i n p u t ' .  The r e fe r e n c en r
i n p u t  wn is  h i g h l y  c o r r e l a t e d  w i t h  n o is e  v n c o r r u p t i n g  th e  s ig n a l
b u t  i s  u n c o r r e l a t e d  w i t h  s . The r e fe re n c e  in p u t  i s  f i l t e r e d  t o  produce
v , an e s t im a te  o f  t h e  n o ise  v . T h i s  o u t p u t  v i s  s u b t r a c te d  from the  n '  n K n
p r im a ry  i n p u t  ( n o i s y  s i g n a l )  x n t o  produce th e  system o u t p u t  sn * The
system o u t p u t  §n is  u t i l i z e d  t o  c o n t r o l  th e  a d a p t iv e  n o ise  cancel  l o r
f i l t e r  and is  an e s t im a te  o f  th e  c le a n  s ig n a l  s .n
I t  can be shown t h a t  s i s  the  b e s t  l e a s t  squares e s t im a te  o f  then
c lean  s ig n a l  s i f :
3 n
I  5u r
n= I
( 4 .2 )
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( i )  s is  u n c o r r e l a t e d  w i t h  w as w e l l  as v and n n n
. ( i t )  t h e  a d a p t i v e  f i l t e r  i s  a d ju s te d  t o  produce a system o u t p u t  
t h a t  has th e  l e a s t  p o s s ib l e  ene rg y .
The energy in th e  system o u t p u t  i s :
<S 2 > = < C x  -  9 ) 2 >n n n
= < ( s  + C v  -  9 ) ) 2 >n n n (4 .  3a)
< s^ 2 > + < (v -  9 ) 2 > +  2 < s Cv -  9 ) >  ( 4 .3 )n n n n n n
The l a s t  te rm in RHS i s  ze ro  because t h e  s ig n a l  s and th e  no ise  vn n
are  assumed t o  be u n c o r r e la t e d
2
n
q u a n t i t y ,  m i n im iz a t i o n  o f  th e  system o u t p u t  energy  means m i n im iz a t i o n
2
Now, s in ce  K. s ^ , th e  s ig n a l  energy  f o r  a frame Is  a f i x e d
o f  t h e  second te rm  in  Eq. ( 4 . 3 ) :
min. < § ^ ^  = ( s ^ ^ + m i n  ^  (v  -  9 ) 2 ^   ( 4 .4 )n n n n
2
And m in im iz a t i o n  o f  < (v -  9 ) > means t h a t  th e  a d a p t iv e  f i  i t e rn n r
o u pu t  v i s  th e  b e s t  l e a s t  squares e s t im a te  o f  t h e  n o ise  v ; and a ls o  r  n ^ n
2
t h a t  t h e  te rm  K (s  -  § ) ^ has been m in im ized  to o  s in c e  from Ea; 4 .3 a :n n ^
<s -  § S = <v -  9 \   ( 4 .5 )'  n n ' '  n n '
which f i n a l l y  means t h a t  § i s  a b e s t  l e a s t  squares e s t im a te  o f  th e
c lean  s ig n a l  s ^ .
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4 . 3 . 2  A.N .C . & THE NOISY SPEECH SIGNALS
As mentioned in t h e  p r e v io u s  s e c t i o n ,  a d a p t iv e  n o ise  c a n c e l l a t i o n
r e q u i r e s  an e x te r n a l  n o is e  source  w^ c a l l e d  ’ r e fe re n c e  i n p u t '  which is
h i g h l y  c o r r e l a t e d  w i t h  a d d i t i v e  n o ise  v b u t  u n c o r r e l a t e d  w i t h  s ( 'o n en n
can t h i n k  o f  w as be ing  d e r iv e d  f rom a sensor  loca ted  a t  a p o i n t  in n
the  n o ise  f i e l d  where t h e  s ig n a l  i s  u n d e t e c t a b le '  -  Sambur E353).
U n f o r t u n a t e l y ,  such a r e fe r e n c e  i n p u t  i s  n o t  g e n e r a l l y  a v a i l a b l e .  As
suggested by B o l l  C38U, th e  average s ig n a l  de te rm ined  d u r in g  unvo iced
frames canno t  be taken as r e p r e s e n t a t i v e  o f  th e  no ise  s in c e  n o ise  is
n o t  s t a t i o n a r y  and the  unvo iced  d e c is io n  i s  n o t  e r r o r  f r e e  a lw ays .
To handle t h i s  p rob lem ,  th e  su g ge s t io n  by Sambur C35D t o  form the
r e fe r e n c e  in p u t  o f  t h e  n o is y  s ig n a l  i t s e l f  i s  more sound t h e o r e t i c a l l y
s in c e  th e  speech i s  q u a s i - p e r i o d i c  and th e  a d d i t i v e  n o ise  v^ i s  assumed
t o  be broadband which means t h a t  a speech frame de layed  by one o r  two
p i t c h  p e r io d s  w i l l  be h i g h l y  c o r r e l a t e d  w i t h  th e  c lean  speech sn b u t
u n c o r r e l a t e d  w i t h  the  a d d i t i v e  n o is e  w .n
F ig .  4 .3  shows th e  a r rangement  f o r  a d a p t i v e  n o ise  c a n c e l l a t i o n  based
on the  above ideas .  C o n s id e r in g  t h a t :
( i )  s & s -  a re  h i g h l y  c o r r e l a t e d ,n n -T  3 7
( i i )  v & v _ a r e  n o t  c o r r e l a t e d ,n n-T
U I I )  v & s are  n o t  c o r r e l a t e d ,n n
x — = s t  + v - r i s  h i q h l y  c o r r e l a t e d  w i t h  s b u t  u n c o r r e la t e d  w i t h  v . n -T  n-T  n-T  a 7 n n
M i n i m i z a t i o n  o f  the  energy  in th e  system o u t p u t  9 n w i l l  lead t o  o u t p u t  
o f  the  a d p a t iv e  n o ise  cancel l o r  §n t h a t  i s  a b e s t  l e a s t  squares e s t im a te
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o f  th e  c lean  speech s ig n a l  s .
4 . 3 . 5  NOISE CANCELLATION ALGORITHM
The a d a p t iv e  f i l t e r  i s  a FIR f i l t e r  whose o u t p u t  i s  t h e  e s t im a te d
c lean  s ig n a l  § as:a n
M
5 = I  d x Cn-J-T)   ( 4 .6 )
n j =0  J
f o r  vo ice d  frames (T i s  the  c a l c u l a t e d  p i t c h  p e r io d )  and
5 = x (n )   ( 4 .7 )n
f o r  unvo iced  frames.
The f i l t e r  c o e f f i c i e n t s  d . ,  0 <_ j  <_ M; a re  updated f o r  e ve ry  sample
J
by W id row -H of f  l e a s t  mean square (LMS) a l g o r i t h m  C 34 ,35 ,42 ,47H .  In IMS
a lg o r i t h m ,  th e  c o e f f i c i e n t  v e c t o r  a t  t im e  n+l i s  g ive n  by:
D . , = D + 2 . 6 . V  . X  _  ( 4 .8 )n+l n n n-T
w here :
D = (dQ, d | , . - * * d M)
v = x -  §n n n
X = [ x ( n ) ,  x ( n - l ) , . . . ,x (n -M )H ^  n
and 8 i s  t h e  s t a b i l i t y  f a c t o r .  For t h e  convergence o f  t h e  a l g o r i t h m ^  
shou ld  be g r e a t e r  than zero  b u t  less  than th e  r e c ip r o c a l  o f  t h e  l a r g e s t  
e ig e n v a lu e  o f  th e  m a t r i x  Y where:
T
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
61
Sambur [353  sugges ts  t h a t  3 can be approx im ated  as:
B .  JLOJ-------
a
where a i s  the  l a r g e s t  e ig e n v a lu e  o f  the  c o r r e l a t i o n  m a t r i x  o f  the  
f i r s t  v o ic e d  frame:
1
< o o V0 I • • •
V I0 v l l • • •
V 2 0
• • • • • •
• • • • • • • • « • * •
• • • • • • • • •
I vwhere V = ^  l  x ( n - j )  . x ( n - k ) ;  & N is  t h e  number o f  th e  samples in 
 ^ n= I
one a n a l y s i s  frame.
The LMS ( l e a s t  mean square )  a l g o r i t h m  converges  s t a r t i n g  w i t h  any 
a r b i t r a r y  v e c t o r  Dq and remains s t a b l e  as long as 6 i s  s u f f i c i e n t l y  smal l
[ 3 4 ,3 5 3 .  Sambur [353  used 3 = 10 ^ .
4 . 3 . 4  MODIFICATIONS & RESULTS
A f i x e d  frame le n g th  o f  20 ms (200 samples, f s  = 10 kHz), r a t h e r  than
22 .5  ms (180 samples,  f s  = 8 kHz) by Sambur [353  was used. In fo rmal
p e rc e p tu a l  l i s t e n i n g  t e s t s  were conducted on t h e  processed speech w i t h  
d i f f e r e n t  3, d i f f e r e n t  M, d i f f e r e n t  c o e f f i c i e n t  v e c t o r  and d i f f e r e n t
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
C, where "the c lea n  sample d u r in g  unvo iced  frame was e s t im a te d  as
s = C . x ; 0 , I < C < I .0  ( 4 .9 )n n — —
in s te a d  o f  § = x (Eq. 4 . 7 ) .  The f o l l o w i n g  r e s u l t s  were o b ta in e d :n n ^
( i )  Proposed m o d i f i c a t i o n  f o r  unvo iced  frames w i t h  C = 0 .5  gave
th e  b e s t  r e s u l t s  than § = x  o r  any o t h e r  C.n n 1
C i i ) 3 = 10 ^ * w i t h  6  <_ L <_ 12 by chang i ng L in  s teps  o f  I was t r i  e d .
— 8 —7
6 = 10 gave th e  b e s t  r e s u l t s .  In c re a s in g  3 above 10 led
-9t o  u n i n t e l l i g i b l e  r e s u l t s  and d e c re a s in g  3 below 10 r e s u l t e d
in lowpass f i l t e r i n g  a c t i o n  c a n c e l l i n g  some s ig n a l  i n f o r m a t io n
a long  w i t h  n o is e .  Sambur s ta te d  t h a t  'As long as 3 was
s u f f i c i e n t l y  s m a l l ,  th e  q u a l i t y  o f  th e  f i l t e r e d  speech was
i n s e n s i t i v e  t o  t h e  e x a c t  va lue  o f  3 '  C35^. However, f rom t h i s
i n v e s t i g a t i o n ,  i t  can be conc luded  t h a t  as long as 3 i s  w i t h i n
-7  -9th e  s u f f i c i e n t l y  smal l  range o f  10 t o  10 , the  q u a l i t y  o f
th e  f i l t e r e d  speech i s  i n s e n s i t i v e  t o  th e  e x a c t  v a lu e  o f  3.
( i i i )  M = 8 was found t o  be b e t t e r  than M < 8 and i n c r e a s in g  M
beyond 8 d i d n ' t  show any n o ta b le  improvement in t h e  r e s u l t s .
( i v )  A d a p t ive  no ise  c a n c e l l a t i o n  gave b e t t e r  r e s u l t s  f o r  h igh
a d d i t i v e  no ise  ( 0  db) and showed h a r d l y  p e rce p tu a l  d i f f e r e n c e  
between processed and non-processed speech f o r  low n o is e  ( >_ 10 db) 
(v )  In accordance w i t h  th e  c o n c lu d in g  l i n e s  o f  t h e  p re v io u s  s e c t i o n ,
LMS a l g o r i t h m  was found t o  converge s t a r t i n g  w i t h  any a r b i t r a r y
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v e c t o r  when d i f f e r e n t  d . CO < j  < M) were t r i e d .  C o e f f i c i e n t s  
0 J — —
d.  CO <_ J < M) were, t h e r e f o r e ,  s e t  t o  ze ro  in th e  p re s e n t  work.
J
Cvi) T h is  is  c o m p u t a t i o n a l l y  expens ive  a l g o r i t h m  s in ce  IM+,1 c o e f f i c i e n t s  
o f  th e  f i l t e r  have t o  be updated f o r  each sample o f  th e  vo ice d  
frame (M+2 . m u l t i p i  i c a t i o n s ,  M+ 2  a d d i t i o n s / s u b t r a c t i o n s  are  
needed f o r  each u p d a t in g )  and p i t c h  a n a l y s i s  i s  needed t o o .
4 .4  WIENER NOISE CANCELLATION
T h is  no ise  c a n c e l l a t i o n  te c h n iq u e  due t o  Sambur C36U makes the  
f o l l o w i n g  assum pt ions :
( i )  Speech s ig n a l  sn and the  a d d i t i v e  n o ise  v n are  wide sense 
s t a t i o n a r y  random waveforms u n c o r r e la t e d  w i t h  each o t h e r .
( i i )  A d d i t i v e  n o ise  i s  broadband so t h a t  i t s  a m p l i tu d e  spectrum 
i s  f I  a t  (W).
T h is  t e c h n iq u e  u t i l i z e s  th e  f a c t  t h a t  th e  t r a n s f e r  f u n c t i o n  o f
a f i l t e r  t h a t  can p e r f e c t l y  remove n o is e  v n from th e  n o is y  s ig n a l
x = s + v t o  g iv e  th e  o u t p u t  c lean  s ig n a l  s C i f  Z -T ra n s fo rm  o f  the  n n n a r  a n
c lean  s i g n a l ,  S(Z) i s  known) i s :
□ ( 7 ) = S(Z) _ S( Z) £4 | q j
P Z )  X(Z) S(Z) + VCZ)   •
4 .4 .1  NOISE CANCELLATION ALGORITHM
In Wiener n o is e  c a n c e l l a t i o n ,  t h e  unknown SCZ) & VCZ) are  e s t im a te d
as:
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SCZ) = SCZ) =  r|——..............   C 4 . l l )M .
i + I J. z'J
J=i J
and
VCZ) = <VCZ)> = W  (4 .1 2 )
where d . ,  I <_ j  <_ M are  t h e  l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s  o f  t h e  n o is y  
J
speech x n (see Eq. 2 . 1 ) .
Using Eqs. ( 4 .1 0 ,  4 .1 1 ,  4 . 1 2 ) ,  t h e  Wiener n o is e  c a n c e l l a t i o n  f i l t e r  
is  g ive n  by:
S(Z) S(Z)
B(Z) =




+ ^  ( I + I  d.  Z " J )
°  j = l  J
GD e f i n i n g  A A 77 we have:
3 = W
TTa j  S(Z)
B(Z) = ----------------------------------------  =
X(Z)
1 M
1 +t4aC I :
J
(4 .1 3 )
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So th e  o u t p u t  o f  th e  f i l t e r  i s  g iven  by th e  f o l l o w i n g  r e c u r s i v e  
e q u a t i o n :
i M
s = ------ . x  £ d . S
n ' l+A n l+A J=l J n“ J
Q
The o n l y  unknown in t h i s  e q u a t io n  i s  A = — , and can be 
de te rm ined  as f o l l o w s :
From Eq. (2 .5 5  & 2 . 3 3 ) ,  N orm a l ized  re s id u a l  energy  (NRE) i s :
ME 2
E = —  = - 2 , —  = TT  ( I  -  k .  > = NRE  ( 4 .1 4 )
" R ( 0 )  < x 2 >  . J
Xj
From Eq. ( 4 . 1 ) :
< x 2 > = < s 2 > + < v 2 >
= < s2 > + VI2
or ? 2
<x  > _ < S >
2 2W W
+ |  ( 4 .1 5 )
Now s ig n a l  t o  n o is e  r a t i o  i s  g iven  by:
SNR = 10 l o g |Q < s2>
W 2
u. U • . <s2 > _ SNRwhich g iv e s  l o g , n — ^------- --------
lu W 10
2
o r  < 1 > = 10 10  ( 4 .1 6 )
w
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From Eqs. ( .4.15, 4 ,16 & 4 .1 4 1 :
A2 = ® = —2_  . ^ < 2  = CNRE) CIO
W < x > W
SNR
SNR
10 + I ) C4.17)
A = [CNRE)CIO 10 + I ) [ ' / 2 C 4 .18)
Sambur [ 3 6 [  sugges ts  t h a t  A can e i t h e r  be updated a d a p t i v e l y  f o r  
each frame o f  f i x e d  l e n g th  by Eq. ( 4 .1 8 )  o r  a p r e - s e t  c o n s ta n t  v a lu e  o f
A can be used. He conc ludes  t h a t  f o r  15 db a d d i t i v e  n o is e  c o n d i t i o n s :
Ci) t h e  b e s t  v a lu e  o f  A o cc u rs  in the  range 0 .3  < < 0 . 6 ,
( i i )  v a lu e  o f  M = 2 i s  p r e f e r r e d  t o  M = 4.
4 . 4 . 2  RESULTS
Based on th e  in fo rm a l  p e rc e p tu a l  l i s t e n i n g  t e s t s  o f  the  processed 
speech, t h e  r e s u l t s  can be commented as f o l l o w s :
Ci) In p u t  speech spectrum is  approx im ated  as th e  n o is y  speech 
spec trum which i s  t r u e  o n l y  f o r  h igh  SNR o r  low n o is e .  For 
low SNR o r  h ig h  a d d i t i v e  n o is e ,  the  suggested ' d o u b le '  Wiener 
n o is e  c a n c e l l a t i o n  by pass ing  th e  o u t p u t  o f  th e  f i r s t  low 
o rd e r  Wiener n o is e  cancel  l o r  t o  th e  second s i m i l a r  n o ise  
cancel l o r  removes much o f  t h e  s ig n a l  i n f o r m a t io n  a lo n g w i th  
n o ise  CSambur [ 3 6 [ ) . However, i n c r e a s in g  M from 2 t o  8 showed
s i g n i f i c a n t  improvement in th e  r e s u l t s  f o r  0 db a d d i t i v e  n o i s e .
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(.11) Upda t ing  A a d a p t i v e l y  f o r  each frame o r  us ing  p r e - s e t  c o n s t t .  
va lu e  o f  A ( 0 . 5 - 0 . 9 )  f o r  0 db n o ise  gave .comparable 
r e s u l t s .  Eq. C4. I8 )  r e q u i r e s  t h a t  f o r  u p d a t in g  A the  
expected  s ig n a l  t o  n o is e  r a t i o  SNR should  be known. A 
c a r e f u l  judgement ,  t h e r e f o r e ,  shou ld  be e x e rc is e d  in s e l e c t i n g  
expected  SNR.
C i i i )  T h i s  i s  c o m p u t a t i o n a l l y  less  expens ive  a l g o r i t h m  than
a d a p t i v e  n o ise  c a n c e l l a t i o n  s in c e  c o e f f i c i e n t s  d .  Cl < j  < M)
J
are  t o  be updated o n l y  once f o r  each f rame,  no p i t c h  a n a l y s i s  
is  needed, and le s s e r  c o e f f i c i e n t s  than A.N.C.  a re  r e q u i r e d  
f o r  comparable r e s u l t s .
4 .5  AVERAGE NOISE CANCELLATION
T h is  t e c h n iq u e ,  (see Appendix  C f o r  d e t a i l s )  i s  s im p le  t o  unders tand 
and i s  d iscu sse d  j u s t  as a bench-mark te c h n iq u e .  A c a r e f u l  
o b s e r v a t i o n  on th e  waveforms o f  a c lea n  s ig n a l  s n and th e  a d d i t i v e  n o is e  v n 
r e v e a ls  t h a t  th e  n o ise  i s  chang ing  a l o t  more r a p i d l y  ( a l t e r n a t e l y  
becoming p o s i t i v e  and n e g a t i v e )  than c lean  speech ( F i g .  4 . 4 ) .  More 
s p e c i f i c a l l y ,  th e  ze ro  c r o s s in g  r a t e  o f  t h e  n o is e  i s  much more than t h a t  
o f  th e  c lean  speech. T h is  leads t o  th e  c o n c lu s io n  t h a t  t h e  s im p le  a ve ra g in g  
o f  t h e  n o is y  s ig n a l  x n o v e r  t h r e e  c o n s e c u t iv e  samples can perhaps cancel  
o u t  some o f  th e  r a p i d l y  v a r y in g  n o is e  components d u r in g  t h i s  p rocess 
c a l l e d  ’ Sm oo th ing ’ o r  'Average n o ise  c a n c e l l a t i o n ’ .
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4 .5 .1  NOISE CANCELLATION ALGORITHM
In Average n o ise  c a n c e l l a t i o n ,  th e  c lea n  s ig n a l  can be e s t im a te d
as:
I !■§ = 4. V x ( n - J ) ;  2 < n < N- l   ( 4 .1 9 )n 3 ,L . J ’ — —
J= - l
where f i r s t  and th e  l a s t  samples can be taken  as:
§ = 0 . 5  xCn) ; n = I & n = N .......... ( 4 .2 0 )n
4 . 5 . 2  RESULTS
Ci) T h is  a l g o r i t h m  i s  ve ry  s im p le  and f a s t  because no p i t c h
p e r io d  a n d /o r  any c o e f f i c i e n t s  a re  t o  be c a l c u l a t e d .  We o n ly  
r e q u i r e  3 a d d i t i o n s  and one d i v i s i o n  f o r  each c lean  sample s^ .
( i i )  The n o is e - c a n c e l l e d  speech "appea red "  t o  be more i n t e l l i g i b l e  than
th e  n o is y  speech d u r in g  in fo rm a l  p e rc e p tu a l  l i s t e n i n g  t e s t s .
4 .6  LINEAR PREDICTION NOISE CANCELLATION
In t h i s  proposed te c h n iq u e ,  t h e  c u r r e n t  c lean  sample i s  t o  be 
e s t im a te d  as a l i n e a r  c o m b in a t io n  o f  t h e  p a s t  M n o is y  speech samples us ing  
some c o e f f i c i e n t s  s i m i l a r  t o  L .P .  c o e f f i c i e n t s  as t h e  w e ig h t i n g  c o e f f i c i e n t s  
and hence th e  proposed name ’ L in e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n ' .
4 .6 .1  NOISE CANCELLATION ALGORITHM
D ef in e  the  e s t im a te  o f  t h e  c lean  sample f o r  vo ice d  frame as:
§ = 7 d .  x .  (4 .21a)
n I n - jj =0
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and f o r  unvo iced  frame as:
s = c . x  (4 .2 1 b )n n
where T i s  t h e  p i t c h  p e r io d  and c i s  an a r b i t r a r y  c o n s ta n t  CO.I < c < 1 . 0 ) .  
M u l t i p l y i n g  Eq. C4.2 I )  by x n_^_y & summing i t  o v e r  n:
M
I  y d . x . x ( T = y s . x . _   C4.22)
• n J n“ J n - k - T  u n n - k - T  n j =0  J J n
Assuming t h a t  th e  s ig n a l  sn and th e  n o is e  v n a re  u n c o r r e I a t e d ,  th e  
R.H .S. o f  Eq. C4.22) can be approx im ated  as
^  X  X  | - r >  = ^  (s + v ) C x  T ) >^  n n - k - T  '  n n n - k - T
= < s x , - r >  + ^  v x i -r >n n - k - T  '  n n - k - T '
< s x . T > ..........( 4 .2 3 )n n - k - T  '
From E q s . (4 .2 2  & 4 . 2 3 ) :
M
I
n J=0 J " J n
y y d . x . x I T = y x x  ; 0 < k < M   C4.24)_ ,-r, J n -J  n - k -T  t  n n - k - T
T h is  e q u a t io n  is  o f  th e  fo rm o f  Eq. ( 2 .8 )  c h a r a c t e r i z i n g  l i n e a r
p r e d i c t i o n  o f  speech. For d e te rm in in g  th e  c o e f f i c i e n t s  d . ,  (0 <_ J <_ M) by
A u t o c o r r e I a t i o n  method (sec .  2 . 3 . 1 )  w© w i l l  be lead t o  a s e t  o f  e q u a t io n s
s i m i l a r  t o  Eq. (2 .2 0 )  as:
M
y d . R ( | j —k| ) = R ( k ) , 0 <_ k <_ M  (4 .2 5 )
j = 0  J
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where t h e  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  o f  the  above e q u a t io n  w i l l  be 
s p e c i f i e d  by Csee Eq. 2 .221 ;
N- l  -m
RCm) = T x x ,  0 < m < MLr, n n+m-T’ — —n=0
(4 .2 6 )
The s e t  o f  t h e  e q u a t io n s  C4.25) ,  in  th e  m a t r i x  fo rm w i l l  be:
•
RCO) R( 1 ) RC2) R(M) do RCO)
RCI ) RCO) RCI) RCM-I) d , R( 1 )
RC2) 
• • • •
R( 1 ) 
• • • •
RCO)





• • • •
• t » •
R(M)
• • • •
RCM-I)
•  9 •  •  9 •
R(M-2) . . RCO)
• *
d..M
• • # •
RCM)
 ( A . 2 1 )
The CM+I ) x CM+I) T o e p l i t z  m a t r i x  o f  L .H .S .  suggests  t h a t  t h e  s e t
o f  t h e  e q u a t l  ons (4 .2 5 )  can be e f  f  i c i e n t  I y so I ved f o r  d .  (0 <_ j  <_ M) by
J
Lev inson-Robtnson  r e c u r s i v e  a l g o r i t h m  CAppendix A ) .
4 . 6 . 2  RESULTS
The per fo rmance o f  l i n e a r  p r e d i c t i o n  n o is e  c a n c e l l a t i o n  a lg o r i t h m  
was examined f o r  v a r io u s  v a lu e s  o f  M between 2 t o  14 and f o r  v a r io u s  
va lu e s  o f  c between 0 .5  t o  1.0 ( in s teps  o f  0 . 1 ) .  The perfo rmance was 
a l s o  examined by u s ing  average no ise  c a n c e l l a t i o n  ins te ad  o f  Eq. (4 .2 1 b)  
f o r  unvo iced  frames a lo n g w i t h  Eq. (4 .21a)  f o r  vo ice d  frames. In fo rmal  
p e rc e p tu a l  l i s t e n i n g  t e s t s  led t o  th e  f o l l o w i n g  r e s u l t s :
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Ci i c = 0 .5  gave r e s u l t s  as good as when Average no ise
c a n c e l l a t i o n  was t r i e d  f o r  unvo iced f rames,  Values o f  c 
o t h e r  than 0 .5  gave r e s u l t s  i n f e r i o r  t o  those  f o r  c = 0 .5 .
C i i )  I n c re a s in g  M from 2 t o  14 in s teps  o f  2 d id  n o t  e x h i b i t  any
n o ta b le  improvement in n o ise  c a n c e l l a t i o n .
C i i i )  The o v e r a l l  r e s u l t s  o f  t h i s  a l g o r i t h m  d u r in g  co m p a ra t i ve
p e rc e p tu a l  l i s t e n i n g  t e s t s  showed t h a t  th e  n o is e -c a n c e I  I a t  ion 
c a p a b i l i t y  o f  t h i s  t e c h n iq u e  is n o t  as good as A d a p t ive  
N.C. o r  Wiener N.C.
The p ro b a b le  j u s t i f i c a t i o n  f o r  such per fo rmance  o f  t h i s  a l g o r i t h m  
is  t h a t  w e ig h t i n g  c o e f f i c i e n t s  d .  (0 <_ j  <_ M) were n o t  de te rm ined  by any 
e r r o r  m in im iz a t i o n  c r i t e r i a  as in th e  c l a s s i c i a l  l i n e a r  p r e d i c t i o n  a n a l y s i s  
and hence th e  c o r r e c t n e s s  and e f f e c t i v e n e s s  o f  d . ' s  in n o ise  c a n c e l l a t i o n  
i s  q u e s t i o n a b le .
4 .7  DELAYED LINEAR PREDICTION NOISE CANCELLATION
In t h i s  new te c h n iq u e ,  th e  c u r r e n t  c lean  sample i s  t o  be e s t im a te d  
as a l i n e a r  co m b in a t io n  o f  th e  p a s t  M n o is y  speech samples de layed by 
one p i t c h  p e r io d  T; u s ing  w e ig h t i n g  c o e f f i c i e n t s  de te rm ined  by s o l v i n g  
a s e t  o f  l i n e a r  e q u a t io n s  s i m i l a r  t o  those  in th e  c l a s s i c a l  l i n e a r  
p r e d i c t i o n  a n a l y s i s  and hence th e  proposed name 'De layed l i n e a r  p r e d i c t i o n  
n o is e  c a n c e l l a t i o n ' .
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4 .7 .1  NOISE CANCELLATION ALGORITHM
D e f in e  the  e s t im a te  o f  t h e  c lean  sample f o r  vo iced  frame as:
M
3n = I  d j V j - T   <4-2 8 >
and f o r  unvoiced frame as:
s = c . x  (4 .29 )n n
where T i s  t h e  c a l c u l a t e d  p i t c h  p e r io d  and c i s  an a r b i t r a r y  c o n s ta n t
(0 .  I <_ c <_ I . 0 ) .
E s t im a t io n  e r r o r  pe r  sample i s :
M
e = s -  § = s -  T d . x . _  (4 .30 )n n n n j  n - j - T
T o ta l  squared e r r o r  pe r  frame, th e n ,  i s :
? M
E = J e = I  (s  -  I  d.  x . T ) z  (4 .3 1 )
L n L n • r, J n - j - Tn n j=0  J J
9 EM in im iz a t io n  o f  the  t o t a l  squared e r r o r ,  i . e . ,  -------- ; (0 <_ k <_ M)
3dkleads t o :
M
y y d . x  . x x , T = y s x I T   ( 4 . 3 2 )L . L„  j  n - j - T  n - k -T  L n n -k -Tn j=0  J J n
Assuminq t h a t  th e  s ig n a l  s and the n o ise  v a re  u n c o r r e Ia t e d ,  the43 n n
R.H.S. o f  Eq. (4 .3 2 )  can be taken as:
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X  . _ >  =  ^ ( s  +  V ) _X , - r >n n - k - T  n n n - k -T
=  < S  X  | T > + < V  X  , T  >n n - k - T '  n n - k - T
= < s x . _ >  (4 .3 3 )n n - k -T  '
From Eqs. (4 .3 2  & 4 . 3 3 ) :
M
I
n j= 0  J "  J ' n
y y d . x . T x . T  = y x  x  , T  ( 4 . 3 4 )L J n - j - T  n - k - T  L n n -k -T
For d e te rm in in g  th e  c o e f f i c i e n t s  d . ,  (0 <_ j  <_ M) by A u t o c o r r e l a t i o n
J
method ( s e c . 2 . 3 . 1 )  we w i l l  be led t o :
M
I  d.  R( 1 J - k  | ) = G ( k ) ,  (0 < k _< M)  ( 4 .3 5 )
j= 0  J
where th e  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  o f  th e  above e q u a t io n s  (see Eq.
2 .2 2 )  can be s p e c i f i e d  by:
N-1 -m
R(m) = y x _ x T ; 0 < m < M   (4 .3 6 )L n-T n+m-T — —n=0
N -1 -m
and G(m) = \  x x  y ; 0 < m < M   (4 .3 7 )u n n+m-l — —n=0
The s e t  o f  e q u a t io n s  (4 .3 5 )  in t h e  m a t r i x  form w i l l  be:
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RCO) RCI ) RC2)
R( 1 ) RCO) RCI )
R(2) RCI ) RCO)






d l GCI )
d2 =
GC2) 




The (M+l)  x (M+l)  m a t r i x  on L .H .S .  i s  a T o e p l i t z  m a t r i x .  Hence
th e  s e t  o f  these  e q u a t io n s  can be e f f i c i e n t l y  so lve d  f o r  d . , ( 0  <_ j  <_ M)
J
by Levinson-Rob in son r e c u r s i v e  a l g o r i t h m  (Appendix  A ) .
4 . 7 . 2  RESULTS
The per fo rmance o f  t h i s  t e c h n iq u e  was examined under c o n d i t i o n s  
mentioned in th e  open ing  para o f  sec. 4 . 6 . 2  f o r  l i n e r  p r e d i c t i o n  n o is e  
c a n c e I l a t i o n .  In fo rm a l  p e rc e p tu a l  l i s t e n i n g  t e s t s  lead t o  th e  f o l l o w i n g  
r e s u I t s :
( I )  c = 0 .5  o r  Average n o ise  c a n c e l l a t i o n  f o r  th e  unvo iced frames 
gave t h e  b e s t  r e s u l t s .
( i i )  M = 8 was found t o  improve th e  r e s u l t s  than M < 8 and
in c r e a s in g  M beyond 8 d i d n ’ t  show any s i g n i f i c a n t  improvement 
in t h e  r e s u l t s .
( i i i )  Out o f  t h e  two new n o ise  canceI I a t  i o n ' te c h n iq u e s  d e r iv e d
in t h i s  C h a p te r ,  de layed l i n e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n  
gave th e  b e s t  r e s u l t s .  T h i s  was expected  s in c e  the  w e ig h t i n g  
c o e f f i c i e n t s  were de te rm ined  by t h e o r e t i c a l l y  sound c r i t e r i a
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o f  e r r o r  m i n i m i z a t i o n .
( i v )  C o m p u ta t i o n a l l y ,  i t  i s  less  e f f i c i e n t  than Wiener no ise  
c a n c e l l a t i o n  s in c e  i t  r e q u i r e s  p i t c h  a n a l y s i s  b u t  more 
e f f i c i e n t  than A d a p t ive  no ise  c a n c e l l a t i o n  s ince  c o e f f i c i e n t s  
a re  t o  be updated o n ly  once f o r  a frame r a t h e r  than f o r  each 
samp I e .
4 .8  SUMMARY
In t h i s  C hap te r ,  t h r e e  e x i s t i n g  and two new te c h n iq u e s  in n o is e  
c a n c e l l a t i o n  have been d iscu sse d .  The r e s u l t s  can be summarized as 
f o l l o w s :
( i )  A d a p t ive  n o ise  c a n c e l l a t i o n ,  l i n e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n  
and de layed l i n e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n  r e q u i r e  the  
c o m p u t a t i o n a l l y  expens ive  p i t c h  a n a l y s i s  whereas Wiener n o ise  
c a n c e l l a t i o n  and average no ise  c a n c e l l a t i o n  d o n ' t  ( SIFT 
a l g o r i t h m  f o r  p i t c h  a n a l y s i s  was u se d ,  whenever needed).
( i i )  Tak ing  i n t o  c o n s id e r a t i o n  th e  q u a l i t y  o f  th e  processed speech 
and th e  com puta t ion  load i n v o l v e d ,  these  te chn iques  can be 
ranked in o r d e r  o f  m e r i t  as f o l  lows:
a) Wiener no ise  c a n c e l l a t i o n  (W.N.C.)
b) Delayed l i n e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n  (D .L .P .N .C . )
c)  A d a p t ive  no ise  c a n c e l l a t i o n  CA.N.C.)
d) L in e a r  p r e d i c t i o n  n o ise  c a n c e l l a t i o n  ( L .P .N .C . )
e) Average no ise  c a n c e l l a t i o n  (A v .N .C . )
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C i i ! )  These te ch n iq u e s  have a s i m i l a r  f e a tu r e  in t h a t  a l l  o f
these  e s t im a te  th e  c lean sample §n by s u b t r a c t i n g  the  e s t im a te  
o f  the  no ise  (say a^ ,  where i s  a l i n e a r  com b ina t ion  o f  some 
samples o th e r  than th e  c u r r e n t  n o isy  sample x n ) from some 
f r a c t i o n  (say ci| ) o f  th e  c u r r e n t  n o isy  sample x^ such t h a t  the  
c lean  sample e s t im a te  f o r  a l l  these te ch n iq u e s  can be 
c o n v e n ie n t l y  expressed as:
s = a. . x -  a_  (4 .39 )n I n 2
where oi| & a re :
M
a) A .N .C . :  a.  = dn ; a = -  £ d. x( n - j - T )   (4 .40a)
I u z j = ! J
M
b) W.N.C.:  a ! = t t t J  a 9 = TZT I d . 5 ( n - j )   (4 .40b)l+A' 2 l+A j
J '
c) A v .N .C . : a = j ;  (»2 = - j [ x ( n - l )  + x ( n + D ]   (4 .4 0 c )
M
d) L .P .N .C .  : a = d ; a = -  I  d x ( n - j )   (4 .40d)
j = |  J
M
e) D .L .P .N .C :  a. = d_; a = -  I  d x ( n - j - T )   (4 .40e)
I 0  2  j = |  J
and th e  w e ig h t i n g  c o e f f i c i e n t s  d. (0 <_ j  <_ M) are d i f f e r e n t
J
f o r  each te ch n iq u e .
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Civ) In c re a s in g  M from 2 t o  8 f o r  A .N .C . ,  W.N.C. & D .L .P .N .C .  
improves th e  r e s u l t s  and in c re a s in g  M beyond 8 d o e s n ' t  
he lp  ve ry  much. Av.N.C. d o e s n ' t  u t i l i z e  such c o e f f i c i e n t s  
and L .P .N .C .  is  i n s e n s i t i v e  t o  inc rease  in M from 2 to  14 
s ince  w e ig h t i n g  c o e f f i c i e n t s  are n o t  opt imum. F igu re  4.5  shows 
n o isy  speech samples w i t h  s ig n a l  t o  n o ise  r a t i o  (SNR) equal t o  
0 db and F ig .  4 .6  shows t h e  speech samples, n o i s e - c a n c e l l e d  by 
D .L .P .N .C .  Noise-canceI  Ied speech in t h e  f i g u r e  "a p p e a rs "  t o  
be more c lea n  than  th e  n o isy  speech.
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CHAPTER V
LINEAR PREDICTION ANALYSIS & SYNTHESIS OF
NOISY & NOISE-CANCELLED SPEECH
5.1 INTRODUCTION
The computer s im u la t i o n  o f  the  n o isy  speech u t i l i z i n g  two d i f f e r e n t  
no ise  sources has been d iscussed  in t h e  p re v io u s  Chapter  (sec .  4 . 2 ) .  In 
t h i s  Chap te r ,  r e s u l t s  f o r  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  o f  n o isy  
speech w i t h  d i f f e r e n t  s ig n a l  t o  no ise  r a t i o  (0 ,  5, 10 db) w i l l  be 
r e p o r t e d .
The no ise  c a n c e l l a t i o n  te chn iques  t o  cancel o u t  the  unwanted 
a d d i t i v e  no ise  w i t h  unknown s t a t i s t i c s  from th e  n o is y  speech have a ls o  
been d iscussed in th e  p re v io u s  Chapte r  (sec. 4 .3  t o  4 . 7 ) .  R e su l ts  o f  
l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  per fo rmed on n o is e - c a n c e l l e d  speech 
w i l l  be re p o r te d  in t h i s  Chapter .
Most o f  the  research in l i n e a r  p r e d i c t i o n  s y n th e s is  o f  t h e  c lean 
speech from the  n o isy  speech is  focussed on f i r s t  c a n c e l l i n g  the  no ise  from 
t h e  n o isy  speech us ing  n o ise  c a n c e l l a t i o n  te ch n iq u e s  and then p e r fo rm in g  
l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  on the  n o is e - c a n c e l l e d  speech. In 
the  co n c lu d in g  s e c t i o n  o f  t h i s  Chap te r ,  t h i s  problem is looked a t  from a 
d i f f e r e n t  ang le  and consequen t ly  a t o p i c  has been suggested f o r  f u t u r e  
r e s e a rc h .
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5 .2  NORMAL EQUATIONS:
Normal e q u a t io n s  t o  be so lve d  f o r  l i n e a r  p r e d i c t i o n  c o e f f i c i e n t s  
aj  ^  1. J 1. ^o r  n o i s e f r e e  speech sn are  re p re se n te d  by (Eq. 2 . 2 0 ) :
\  a .  R C | j —k j ) = -  R ( k ) ; I 1  k <_ p  ( 5 .1 )
j - i  J
where t h e  a u t o c o r r e l a t i o n  c o e f f i c i e n t s  a re  s p e c i f i e d  by (Eq. 2 . 2 2 ) :
N - l -m
R(m) = T s s 0 < m < p  ( 5 .2 )Ln n n+m — — rn=0
For th e  n o isy  speech x n and n o is e - c a n c e l l e d  speech s , th e  same
e q u a t io n s  are  t o  be so lve d  t o  de te rm ine  a .  ( I  <_ j  _< p) t a k i n g  a u to -
J
c o r r e l a t i o n  c o e f f i c i e n t s  ( 0  <_ m <_ p) as:
N-1 -m
R(m) = J x x ,  (NOISY SPEECH) ......... ( 5 .3 )n n+mn=0
N - l -m
R ( m ) = y i s  (NO ISE-CANCELLED SPEECH) ......... ( 5 .4 )
Ln n n+m n=0
S i m i l a r  changes ( i . e . ,  r e p la c i n g  sn by x n f o r  n o is y  speech and by
s f o r  n o i s e - c a n c e l l e d  speech) are  t o  be made f o r  speech s y n th e s is  
n
re p re se n te d  by th e  f o l l o w i n g  s y n th e s i s  e q u a t io n s  (Eq. 2 .38 )  f o r  0 <_ n <_N- I :
( i )  Vo iced sounds (N = 2 P ) :
s = -  ) a .  s , + G u ;  u = I f o r  n = 0 , n = P
n ^  j  n - j  n n
u = 0  f o r  n f  0 ,  n 4 P ......... (5 .5 a )n
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C i i ) Unvoiced sounds CN = 200)
s = -  /  a . s  . + v
n j = |  J n~J n
(5 .5b :
5 .3  RESULTS
Remaining th re e  parameters  o f  the  l i n e a r  p r e d i c t i o n  model were 
o b ta in e d  by the  methods d iscussed  in Chap te r  I I .  The speech was then 
syn th e s iz e d  us ing  Eq. C5.5) .  The in fo rm a l  p e rcep tu a l  l i s t e n i n g  t e s t s  
produced th e  f o l l o w i n g  r e s u l t s  which are  s i m i l a r  t o  th e  r e s u l t s  re p o r te d  
by o t h e r  speech re se a rch e rs  C35-40, 44-473 in t h i s  a rea:
C i ) The l i n e a r  p r e d i c t i o n  s y n th e s is  o f  th e  n o is y  speech produced 
s y n th e s iz e d  speech much i n f e r i o r  t o  t h a t  produced from the  
n o i s e f r e e  c lean  speech o f  Chapter  I I .  The more the  n o ise ,  
the  more degraded was th e  syn th e s ize d  speech. A lso  le s s e r  the 
number o f  p o le s ,  th e  more degraded was th e  syn th e s ize d  speech.
Ci i ) The l i n e a r  p r e d i c t i o n  s y n th e s is  o f  t h e  no;i se-cance I I ed speech 
produced syn th e s iz e d  speech i n f e r i o r  t o  t h a t  produced from the  
n o is e f r e e  c lean  speech b u t  b e t t e r  than t h a t  produced from the 
n o is y  speech. A ga in ,  le s s e r  th e  number o f  p o le s ,  th e  more 
degraded was th e  speech.
The per iodograms g iven  in F igu re  5.1 are a ls o  in accordance w i t h  the  
above r e s u l t s  where i t  can be seen t h a t  the  per iodgram o f  the  no i- se-cance II  ed
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speech i s  more c lo s e  t o  th e  per iodogram o f  th e  l i n e a r  p r e d i c t i o n  
model o f  n o i s e f r e e  speech than t h a t  o f  the  n o is y  speech.
5 ,4  SUGGESTED TOPIC FOR FUTURE RESEARCH
As mentioned in sec. 5 .1 ,  th e  most o f  th e  research  in l i n e a r  
p r e d i c t i o n  s y n th e s is  o f  the  c lean  speech from th e  n o is y  speech is 
focussed on f i r s t  c a n c e l l i n g  th e  n o ise  from th e  n o is y  speech us ing  
no ise  c a n c e l l a t i o n  te c h n iq u e s  and then p e r fo rm in g  l i n e a r  p r e d i c t i o n  
a n a l y s i s / s y n t h e s i s  on th e  n o i s e - c a n c e l l e d  speech.
A suggested t o p i c  f o r  f u t u r e  research  in t h i s  area i s  t o  des ign 
a te c h n iq u e  t o  s y n th e s iz e  c lean speech s t r a i g h t  from th e  n o is y  speech 
b y -p a s s in g  th e  i n t e r m e d ia te  s tep  o f  n o ise  c a n c e l l a t i o n .
Some p re l  im in a ry  work was done in t h i s  area by the  a u th o r  as 
d i r e c t e d  by h is  s u p e r v i s o r .  The r e s u l t s  o b ta in e d  were no t  very 
encourag ing  in th e  sense t h a t  t h e  syn th e s ize d  speech was no t  i n t e l l i g i b l e  
enough when th e  s y n th e s i s  was a t tempted  s t r a i g h t  from th e  n o is y  speech. 
However, th e  r e s u l t s  c a n ' t  be co ns ide red  t o t a l l y  d i s c o u ra g in g  t o o ,  s ince  
some i n t e l l i g i b i l i t y  was th e re  when t r i e d  on th e  n o i s e - f r e e  speech.
The a u th o r  and h i s  s u p e r v i s o r ,  t h e r e f o r e ,  dec ided t o  in c lu d e  th e  f o l l o w i n g  
p r e l i m i n a r y  work in t h i s  t h e s i s  hoping t h a t  the  thorough i n v e s t i g a t i o n  in 
f u t u r e  m ig h t  lead t o  more s i g n i f i c a n t  r e s u l t s .
The f o l l o w i n g  i s  a b r i e f  o u t l i n e  o f  th e  d e r i v a t i o n  o f  a te ch n iq u e  
which a t te m p ts  t o  e s t im a te  th e  c lean  speech s t r a i g h t  from the  n o isy  speech:
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The n o is y  speech can be re p re s e n te d  as (.Eq. 4 . 1 ) :
where sn is  th e  c lea n  speech c o r r u p t e d  by a d d i t i v e  n o is e  v n and sn & v n
are  assumed t o  be u n c o r r e I a t e d .
S t a r t  w i t h  an e q u a t io n  s i m i l a r  t o  Eq. ( 2 .4 )  f o r  th e  p r e d i c t e d
sample s , where £ has been e s t im a te d  as a l i n e a r  co m b in a t io n  o f  th e  r  n n
p r e y io u s  p samples:
s = b . s . ; n > 0  ..........( 5 .7 )
be c a l c u l a t e d  by summing both  s ides  o v e r  n (T i s  t h e  ana lyzed  p i t c h  p e r io d )  
from th e  e q u a t io n s :
n n -  i
M u l t i p l y i n g  both  s id e s  by sn ._y j  th e  c o e f f i c i e n t s  b. ( I  <_ i <_p) can
n
1 1  b, s. s , s . T = > s s . t  i n - l  n - j - T  “  n n - j - T
(5 .8 )
C o n s id e r  a s i m i l a r  e q u a t io n  in n o is y  speech:
(5 .9 )
Using Eq. ( 5 . 6 ) ,  Eq. ( 5 . 9 )  can be r e w r i t t e n  as:
(5 .  10)
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Because s & v a re  assumed t o  be u n c o r r e la t e d  and v is  assumed t o  be n n n
zero-mean broadband n o is e ,  the  expected v a lu e  o f  th e  f o l l o w i n g  te rms in 
Eq. C5. 10) i s ze ro :
< s n i < 3 1 c__ 1
> ii 0
< v n - i  Vn - J - T >
= 0
< vn . s . _- i  n - j - T > = 0
<  5 n V j - T  >
— 0
A < 3 Vn - j - T > 0
<  V x n Sn - j - T >
= 0
(5 .1 1 )
S o lv in g  Eq. ( 5 .9 )  i s  t h e r e f o r e  e q u i v a le n t  t o  s o l v i n g :
7 J a. s . s . T = y s s . T  ( 5 .1 2 )L h i n - t  n - j - T  u n n - j - T
From Eqs. (.5.8 & 5 .12)  we see t h a t :
a. = b. ; I < i < p  (5 .1 3 )i i — —
T h e o r e t i c a l l y ,  t h e r e f o r e ,  i t  is  p o s s ib l e  t o  s y n th e s iz e  c lean  speech 
(.Eq. 5 .7 )  by s o l v i n g  th e  f o l l o w i n g  e q u a t io n  which i s  same as Eq. (5 .9 )  f o r
a . ( I <_ i <_ p ) :
I  a . R ( | i -  j  | ) = R C j ) ;  I <_ j  <_ p  (5 .1 4 )
i = i
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w he re :
N-1 -m
R(m) = J x x ,  • o < m < p   C5. I5 )n n+m-T — — rn=0
The T o e p l i t z  m a t r i x  on LHS o f  Eq. (5 .1 4 )  suggests  the  usage o f  
Lev inson-Rob inson  r e c u r s i v e  a lg o r i t h m  (Appendix  A) t o  c a l c u l a t e  a.
( I  T <_p) e f f i c i e n t l y .  The o t h e r  t h r e e  parameters  o f  the  model
(Ga in ,  V/UV d e c i s i o n ,  p i t c h )  can be de termined as d iscussed  in Chaper II
and the  speech can be s y n th e s iz e d  b y  us ing  Eq. ( 2 .3 8 )  o r  Eq. ( 5 . 5 ) .
The poor  per fo rmance o f  the  new te ch n iq u e  can p ro ba b ly  be 
accounted f o r  by th e  f o l l o w i n g  reasons:
( i )  Assumptions o f  Eq. ( 5 .1 1 )  a re  no t  e r r o r - f r e e .
( i i )  The aj ’ s are  no+ c a l c u l a t e d  us ing  any e r r o r  m in im iz a t io n
c r t i e r i a .  An a t te m p t  t o  use e r r o r  m in im iz a t i o n  c r i t e r i a  o f
Eq. (2 .7 )  w i l l  lead t o  :
y A b . x  . x  . =  I  x x I < j  < p  r s i r, t“  j “ | ■ n - i  n - j  l n n - j  ( 5 - l5)
which o b v io u s l y  is  th e  e q u a t io n  f o r  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  
f o r  n o is y  speech i t s e l f  and n o t  th e  one f o r  a n a l y s i s / s y n t h e s i s  o f  the  c lean  
speech we d e s i re d  t o  o b t a in .
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CHAPTER VI 
SUMMARY & CONCLUSIONS
Th.e o b j e c t i v e  o f  t h i s  work was t o  examine th e  performance o f  
l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  o f  n o i s e f r e e ,  n o is y  & n o is e -  
c a n c e l l e d  speech; t o  i n v e s t i g a t e  A dap t ive  no ise  c a n c e l l a t i o n  &
Wiener no ise  c a n c e l l a t i o n  te ch n iq u e s  which are  c l o s e l y  r e la t e d  t o  l i n e a r  
p r e d i c t i o n  and f i n a l l y  t o  d e r i v e  some new te ch n iq u e s  in these two 
f i e l d s  namely l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  and no ise  c a n c e l l a t i o n  
in speech s i g n a l s .
The q u a l i t y  o f  the  processed speech was judged by th e  in fo rma l  
pe rcep tu a l  l i s t e n i n g  t e s t s  th ro u g h o u t  t h i s  work; a l th ou g h  ma in ly  due t o  
the  absence o f  any o t h e r  f a c i l i t i e s  f o r  speech t e s t s  in o u r  D i g i t a l  s ign a l  
p ro ce ss in g  l a b o r a t o r y ,  y e t  con s id e re d  t o  be the  b e s t  c r i t e r i a  by th e  a u th o r  
s in c e  t h e  human e a r ,  above e v e r y th in g  e l s e ,  s t i l l  remains t o  be th e  d e c is i v e  
mechanism f o r  the  p e rc e p t io n  o f  any speech, w ha tsoever .  A d d i t i o n a l  i n s i g h t  
has been p ro v id e d  by s p e c t r a l  c h a r a c t e r i s t i c s  per iodograms where th e  log 
magni tudes vs. f requency  have been p l o t t e d .
The o r i g i n a l  c o n t r i b u t i o n  o f  t h i s  work in c lu d e s  f o u r  new te c h n iq u e s ;  
two in the  l i n e a r  p r e d i c t i o n  a n a l y s i s / s y n t h e s i s  and two in no ise  
c a n c e l l a t i o n .  Some s i g n i f i c a n t  m o d i f i c a t i o n s  suggested in the  e x i s t i n g  
te c h n iq u e  o f  A dap t ive  n o is e  c a n c e l l a t i o n  can a l s o  be cons ide red  as the 
o r i g i n a l  c o n t r i b u t i o n  t o  some e x t e n t  e s p e c i a l l y  because t o  the b e s t  o f
89
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ou r  knowledge, t h i s  work seems t o  be f i r s t  major  a t tem p t  c o n c e n t ra t in g  
on the  thorough i n v e s t i g a t i o n  o f  t h i s  techn ique  s ince  i t  was f i r s t  
p u b l i she d  in October  1978 (Sambur C35j]) .
The secondary c o n t r i b u t i o n ,  though e q u a l l y  im p o r ta n t ,  i s  the  remain ing 
p o r t i o n  o f  t h i s  work where the  r e s u l t s  achieved are in accordance 
w i th  those achieved by the  o th e r  speech researche rs .
In t h i s  work,  the  f o l l o w i n g  equipment a t  th e  D i g i t a l  s ign a l  p rocess ing  
l a b o ra to r y  o f  U n i v e r s i t y  o f  Windsor have been u t i l i z e d :
1. DATAGEN NOVA 840 MINICOMPUTER (16 b i t  word length)
2. TUSTIN X-1500 A/D DATA SYSTEM (A/D: 14 b i t ,  D/A: 12 B i t )
3. KROHN-HITE MODEL 3750 VARIABLE FILTER (0 .02  Hz to  20 kHz)
4. HP NOISE GENERATOR (Noise bandwidth  up t o  50 kHz)
5. CROWN TAPE RECORDER (With 1C Ste reo A m p l i f i e r ) .
The main c o n t r i b u t i o n s  and co n c lu s io n s  o f  t h i s  research .can be 
summarized as f o l l o w s :
6.1 LINEAR PREDICTION ANALYSIS/SYNTHESIS OF SPEECH
1. No. o f  po les  p = 12 is  s u f f i c i e n t  t o  p ro v id e  an adequate 
r e p re s e n ta t i o n  o f  speech s i g n a l s .  A s l i g h t  degradat ion  in 
the q u a l i t y  o f  the  syn thes ized  speech is  n o t i c e a b le  when p is
decreased t o  8 and a l though  poor  in q u a l i t y ,  speech can be
syn thes ized  w i t h  p as low as 2 .
2. A Hamming window in th e  a u t o c o r r e l a t i o n  method improves the 
r e s u l t s  than the  i m p l i c i t  r e c ta n g u Ia r  window.
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3 .  Due to  th e  l i m i t a t i o n s  o f  th e  s i m p l i f i e d  a l l  po le  model,
t h e  q u a l i t y  o f  the  n a s a l ,  p l o s i v e  and vo ice d  f r i c a t i v e  sounds 
is  n o t  as good as t h a t  o f  the  v o ic e d ,  unvo iced  and non-nasa l  
sounds.
4. The new te c h n iq u e  Odd sample l i n e a r  p r e d i c t i o n  has been 
d e r iv e d  w h ich ,  w i t h  p = 8 and c o n s e q u e n t ly  less c o m p u ta t io n ,  
i s  capab le  o f  p ro d u c in g  r e s u l t s  as good as th o se  produced
by th e  c l a s s i c a l  l i n e a r  p r e d i c t i o n  w i t h  p = 1 2 .
5.  The new te c h n iq u e  Even sample l i n e a r  p r e d i c t i o n  has been 
d e r i v e d .  The s y n th e s iz e d  speech i s  i n t e l l i g i b l e  enough, b u t  
n o t  as good as th e  c l a s s i c a l  l i n e a r  p r e d i c t i o n  r e s u l t s ,  due 
t o  th e  n a tu re  o f  th e  Even sample l i n e a r  p r e d i c t i o n  model.
6 .2  NOISE CANCELLATION TECHNIQUES
1. In A d a p t ive  n o is e  c a n c e l l a t i o n ,  th e  b e t t e r  r e s u l t s  can be
ach ieved  i f  t h e  e s t im a te  o f  t h e  c lea n  sample s is  taken  asn
h a l f  o f  th e  n o is y  sample (s  = 0 .5  x ) ,  i n s te a d  o f  s = x7 r  n n n n
suggested by Sambur \J55~], A ls o  r e g a rd in g  s t a b i l i t y  f a c t o r  8 ,
i t  can be conc luded  t h a t  as long as 8 i s  w i t h i n  the  s u f f i c i e n t l y
-7  -9small  range o f  10 t o  10 , the  q u a l i t y  o f  th e  f i l t e r e d  speech
is  i n s e n s i t i v e  to  t h e  e x a c t  v a lu e  o f  8 .
2.  Wiener n o is e  cancel  l a t i o n  (Sambur C36l]) i s  t h e  bes t  no ise  
c a n c e l l a t i o n  te c h n iq u e  o u t  o f  a I I t h e  n o is e  c a n c e l l a t i o n  
te c h n iq u e s  i n v e s t i g a t e d  o r  d e r i v e d  in t h i s  work , c r i t e r i a  be ing
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t h e  q u a l i t y  o f  t h e  processed speech and th e  computa t ion  load.
3. A t h e o r e t i c a l l y  sound, new no ise  c a n c e l l a t i o n  te ch n iq u e
'Delayed l i n e a r  p r e d i c t i o n  no ise  c a n c e l l a t i o n '  has been d e r ive d
which ranks between Wiener no ise  c a n c e l l a t i o n  and A dap t ive  no ise  
canceI I a t  i o n .
4. Ano ther  new no ise  c a n c e l l a t i o n  te c h n iq u e  ' L i n e a r  p r e d i c t i o n  no ise
c a n c e l l a t i o n '  has been d e r iv e d  which is  n o t  as e f f i c i e n t  as the
o th e r  t h r e e  no ise  c a n c e l l a t i o n  te ch n iq u e s  d is c u s s e d /d e r i v e d  in t h i s
work s ince  no e r r o r  m in im iz a t i o n  c r i t e r i a  was e x e rc is e d  in  i t s  
d e r i v a t i o n .
6 .3  NOISY & NOISE-CLEANED SPEECH
I .  The q u a l i t y  o f  l i n e a r  p r e d i c t i o n  coded speech is  h i g h l y  degraded
when performed on speech s ig n a l  c o r ru p te d  by a d d i t i v e  no ise ;  
improves when performed on n o is e -c le a n e d  speech bu t  no t  as good 
as th e  perfo rmance on n o is e f r e e  speech.
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APPENDIX A 
LEV INSON-ROBINSON RECURSIVE ALGORITHM
In Chapte rs  I I t o  V, i t  has been mentioned t h a t  i f  a T o e p l i t z  
m a t r i x  i s  i n v o l v e d ,  th e  co m p u ta t io n a l  work  r e q u i r e d  t o  s o lv e  a se t  
o f  s im u l ta n e o u s  e q u a t io n s  i n v o l v i n g  T o e p l i t z  m a t r i x  can be reduced by 
t a k i n g  advantage o f  th e  s p e c ia l  p r o p e r t i e s  o f  such a m a t r i x .  The 
e f f i c i e n t  s o l u t i o n  is  p ro v id e d  by Lev inson-Rob inson  r e c u r s i v e  a l g o r i t h m  
proposed by N. Lev inson D 5 U  and r e f o r m u la te d  f o r  computer programming 
by E.A. Robinson D 6 H.
A T o e p l i t z  m a t r i x  has t h e  s p e c ia l  p r o p e r t y  t h a t  i t  is  
symmetr ic  and a l l  e lemen ts  a lo n g  any g iven  d iagona l  a re  e q u a l .  A p x p 
T o e p l i t z  m a t r i x  i s  o f  th e  fo rm :
” R(0> R( 1 ) R( 2) . . . R ( p — 1 )
R( 1 ) R (0 ) R( 1 ) . . . R ( p - 2 )
M  = R(2) 
• • •
R( 1 ) R (0 ) R (p -3 )
• • • •
R ( p — 1 ) R(.p-2) R( p -3 ) R(0) (A. 1
Cl ea r l y  i t does n o t  i 2n vo lve  p di s t i  n e t e 1ements b u t  on 1y p di s t n e t
e 1 ements R C j ) ;  j = 0 , 1 , 2 , . . , p - l .
Suppose we want t o  so Ive th e  f o 1 ow i ng s e t  o f  si multaneous equa t ons
( c a l l e d  Normal e q u a t io n s ) :










Pw +-z^  a j"»  R
)/*«»> 
r f»> j »-i> <»> <«> ,
*«, * - 4  + V  ° -» W '  ” ”  
*<">*- £  C  R , - j «
m .t J
Fi^. A -1 Flow ch .a*.t j * v  LEVIlMSON-RoeiNAOM Al^o-AtKTn,
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anRCO) + a .RCI)  + .......... + a . R( .p - I)  = b_
0 I p - l  r  0
a^RCI) + a.R(O) + .......... + a ,R (p -2 )  = b.
0 I p - l  r  I
a „R C p - l )  + a RCp-2) + .......... + a ,R(.0) = b . ..........( A . 2)
0 r I r  p - l  p - l
where a ,  CQ <_ j  <_ p-1 ) are  th e  o n l y  unknown q u a n t i t i e s  ( i n  o u r  case l i n e a r  
J
p r e d i c t i o n  c o e f f i c i e n t s  o r  some o t h e r  s i m i l a r  c o e f f i c i e n t s ) .  I t  means 
we have t o  s o l v e :
ERXAE = EBE ..........( A . 3)
where:
ERE = p x  p T o e p l i t z  m a t r i x  o f  Eq. ( A . I )
CAH = Column v e c t o r  Ea^, a ^  . .  . ,a^_  jH"'”
[ B ]  = Column v e c t o r  Eb^, b | ,  b2 >•• • »bp_ |
S t a r t i n g  from th e  i n i t i a l  c o n d i t i o n s :
f 0 0 = 1’ ° 0  = R<0>; 8o = R ( l , ;  aoo = bo/ R ( 0 , ; Y o *  aooR ( l , ;  a+ step n = l -
we proceed r e c u r s i v e l y  a c c o rd in g  t o  th e  Flow C ha r t  ( F i g .  A . I ) f rom s teps
n= 2  t o  p and t h e  f i n a l  va lu e s  o b ta in e d :
a P , o ;  a P ,  i ;  . . . . . . . . . . . . . * a P , p ~ I
r e p re s e n t  th e  d e s i r e d  p c o e f f i c i e n t s  a .  ( 0  <_ j  < _ p - l ) .
a . ,  R C j ) ,  b .  (0 <_ j  <_ p - l  ) in t h e  above d e s c r i p t i o n  are re p re se n te d  
J J
i n t h e  f  low c h a r t  b y :
f  , R , G ( I  < i < p ) :  r e s p e c t i v e l y  and shou ld  n o t  be confused 
j  J j  “  “
e i t h e r  w i t h  each o t h e r  o r  w i t h  the  s im i  l a r  symbols in C hap te r  I I  t o  V.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
96
APPENDIX a  
GENERAL COMMENTS
B . I  SPEECH
1. For an a d u l t  male vocal t r a c t  C= 17 c m . ) ,  th e  f i r s t  t h re e  
u n c o n s t r i c t e d  resonan t  f r e q u e n c ie s  g e n e r a l l y  f a l l  a t  about 
f j  = 500 Hz, ^2 ~ kHz, f  = 2 .5  kHz ClOU. A l though the  
h ig h e r  fo rm an ts  ( .resonances o f  th e  vocal  t r a c t )  do c o n t r i b u t e  
t o  produce speech sounds o f  a c c e p ta b le  q u a l i t y ,  p e r c e p t u a l l y  
o n ly  th e  f i r s t  t h r e e  mentioned above are  im p o r ta n t  in 
d e te rm in in g  the  sound t h a t  i s  heard D O ,  1 2 ,8 ,9 ,  G .
2 .  The speech spectrum t y p i c a l l y  r o l l s  o f f  a t  -12 t o  -18 dB/ 
oc tave  from about I kHz on Cl 7, 12,8]].
B .2  S IM P L IF IE D  ALL-PO LE  MODEL
I .  "The s i m p l i f i e d  a l l - p o l e  model i s  a n a tu r a l  r e p re s e n ta t i o n  o f
non-nasal  v o ice d  sounds, b u t  f o r  na sa ls  and f r i c a t i v e  sounds, the 
d e t a i l e d  a c o u s t i c  t h e o ry  c a l l s  f o r  both  po les  and zeros in the  
vocal  t r a c t  t r a n s f e r  f u n c t i o n . "
-  Rab iner  & S ch a fe r  C8 ] ] /p .  398.
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2. "A number o f  a n a l y s i s  a l g o r i t h m s  have been proposed t o  in c lu d e  
zeros in th e  model (B .S .  Ata I ; M o r f ,  Kai i a t h  & D ic k in s o n ;
S t e i g l i t z ;  Kopec, Oppenheim & T r i b o l e t ;  A ta s h r o o ) ,  b u t  the  
improvements have n o t  been enough t o  j u s t i f y  th e  added
comp lex  i t y . ”
-  Wong Cl 8 3 /p .  726.
3. " A t  p r e s e n t ,  i t  i s  n o t  t o t a l l y  c l e a r  w he the r  o r  no t  a c c u ra te  
r e p r e s e n t a t i o n  o f  th e  zeros  is  im p o r ta n t  in speech a n a l y s i s -  
s y n th e s i s  sys tems. The u n c e r t a i n t y  stems in p a r t  f rom the  
f a c t  t h a t  t h e r e  has n o t  been g e n e r a l l y  a v a i l a b l e  a r e l i a b l e  
te c h n iq u e  f o r  measurement o f  t h e  z e r o s . ”
-  Oppenheim C23/p» 156.
4. "S in c e  t h e  zeros o f  t h e  t r a n s f e r  f u n c t i o n  o f  th e  vocal  t r a c t  
f o r  unvo iced and nasal sounds l i e  w i t h i n  the  u n i t  c i r c l e  in th e  
Z - p la n e ,  each f a c t o r  in the  n u m era to r  o f  th e  t r a n s f e r  f u n c t i o n  
can be a pprox im a ted  by m u l t i p l e  p o les  in th e  denom inator  o f  th e  
t r a n s f e r  f u n c t i o n . ”
-  A ta I  & Hanauer Cl 33 /p .  638.
5. "Each f a c t o r  o f  t h e  fo rm Cl -  aZ ' )  can be approx imated  by
C l / C l  + a Z ~ ' + a2 Z" 2 + . . . ) 3  
i f  |a |  < I ,  which is  th e  case i f  the  zeros are  i n s id e  th e  u n i t  c i r c l e . "
-  A ta I  & Hanauer C I 33 /p .  655.




Average n o ise  c a n c e l l a t i o n  i s  d iscussed  j u s t  as a bench-mark 
te c h n iq u e  s in c e  th e  per fo rmance  o f  a I I  o t h e r  m a th e m a t i c a l l y  s o p h i s i t -  
i c a te d  n o is e  c a n c e l l a t i o n  te c h n iq u e s  d iscussed  in  t h i s  work i s  
expec ted  t o  be b e t t e r  than  t h i s  s im p le  t e c h n iq u e .
In t h e  average n o ise  c a n c e l l a t i o n ,  t h e  c lea n  s ig n a l  is  e s t im a te d  
as t h e  average o f  some c o n s e c u t i v e  n o is y  speech samples. I f  t h r e e  
samples are  used, then  t h e  e s t im a te  o f  t h e  c u r r e n t  sample i s  (Eq. 4 * 1 9 ) :
f r e q u e n c y )  and goes up t o  1/9 a t  wT = t t .
So Average n o is e  c a n c e l l a t i o n  is  e q u i v a l e n t  t o  pass ing  th e  n o is y  s ig n a l  
th ro u g h  a low pass f i l t e r  which suppresses most o f  th e  f r e q u e n c ie s  in 
t h e  upper  h a l f  o f  th e  spec t rum .  We t h e r e f o r e  can cancel  o u t  t h e  no ise  
In t h e  upper h a l f  o f  t h e  spectrum a io n g w l th  some o f  th e  s i g n a l .
2. In L .P .N .C .  (Eq. 4 .2 2 )  & in Eq. ( 5 .9 )  f o r  f u t u r e  research  t o p i c  th e  
te rm  o f  th e  form o f :
s = -7 [ x ( n - l )  + x ( n )  + x ( n + l ) ]  n 3 J ( c .  I )
The t r a n s f e r  f u n c t i o n  o f  t h e  f i l t e r  w i l l  be:
H(Z) = | | | ] -  = j  ( Z " ' + l + Z )
The spectrum w i l l  be:
I +2 Cos wT 
3
2 ( C . 2 )
2  TTwhich  r o l l s  from 1.0 ( a t  wT=0) t o  ze ro  ( a t  wT = ; I / 3 r d  sampling
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have been p u rp o s e ly  o b t a in e d .  The reason f o r  t h i s  has been p o in te d  
o u t  in A d a p t iv e  n o is e  c a n c e l l a t i o n  (se c .  4 . 3 . 2 )  t h a t  t h e  n o isy  
speech x^  de layed by one o r  two p i t c h  p e r io d s  i s  h i g h l y  c o r r e l a t e d  
w i t h  t h e  c lean  speech s^ b u t  i s  u n c o r r e l a t e d  w i t h  th e  a d d i t i v e  no ise  
v n which leads t o  n o is e  c a n c e l l a t i o n  d u r in g  th e  s o l u t i o n  process 
(as in  A . N . C . ) .
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Sch o o l ,  Chak Bha ika .
Completed M a t r i c u l a t i o n  (Punjab U n i v e r s i t y )  f rom S . I .D .M .
Govt .  High Schoo l ,  Moom, Pun jab ,  I n d i a .
Completed P r e - U n i v e r s i t y  & P re -E n g in e e r in g  (Punjab U n i v e r s i t y )  
f rom Arya C o l le g e ,  Ludhiana, Pun jab ,  I n d i a .
Completed the  Degree o f  B .Sc. Engg. ( E l e c t r i c a l )  -  (Punjab 
U n i v e r s i t y )  f rom Guru Nanak Engg. C o l le g e ,  Ludh iana, Pun jab, 
I n d i a .
Served Santokh Engg. Works, Dehradun, U .P . ,  In d ia  as an 
E l e c t r i c a l  En g in e e r .
Served J i n d a l  E l e c t r i c a l s ,  Ludh iana, Pun jab ,  In d ia  as an 
A p p re n t ic e  Eng ineer  under P r a c t i c a l  T r a i n i n g  Scheme o f  Govt,  
o f  I n d ia .
Served Pun jab i  m on th ly  magazine Watno Dur, Vancouver, B .C . ,  
as E d i t o r  ( J u l y  1973 -  August 1977).
Served Granduc Copper Mines, S te w a r t ,  B .C . ,  Canada as U/G 
Mine Surveyor  I a lo n g w i th  t h e  above jo b  (1974-1975) .
Cand ida te  f o r  the  Degree o f  M.A.Sc. ( E l e c t r i c a l  Eng in e e r in g )  
a t  t h e  U n i v e r s i t y  o f  W indsor ,  W indsor ,  O n t a r i o ,  Canada.
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